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ABSTRACT

This report describes an analytical design study for a high efficiency
traveling-wave tube amplifier for use in a satellite television trans-
mitter, Several amplifier versions were evaluated with the following

frequency, power and modulation specifications:

FREQUENCY OUTPUT POWER MODULATION
850 MHz 7.5 kW peak AM
2 GHz 5 kW peak AM
2 GHz 5 kW CW ™M
8 GHz 5 kW CW ™
11 GHz 5 kW CW ™

The design is based on the couple& cavity structure, which is dielectrically
loaded and PPM focused fof the 850 MHz and 2 GHz versions to reduce size
‘and weight. The higher frequency versions are solenoid focused. A major
emphasis of the studies is placed on achieving very high efficienéy. The
tube designs include therefore velocity resynchronization using the multiple
voltage jump method as well as multistage collector depression, with pre-

dicted efficiencies in the range of 70 to 80%.

The design of the tubes with amplitude modulation employs the novel grid
modu lator technique, which permits linear response over a large dynamic

range with very high efficiency.

The cooling system constitutes an integral part of the spacecraft using

a combination of dielectric and one way heat pipes.
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ANALYTICAL STUDY PROGRAM>T0~DEVELOP THE
THEORETICAL DESIGN OF TRAVELING-WAVE TUBES

by 0. G. Sauseng, A. Basiulis, I. Taﬁmaru

Hughes Aircraft Company
Electron Dynamics Division

1. SUMMARY

The theoretical design of high CW power traveling-wave tubes for satel-
lite television transmission is described. These tubes include a 7.5 kW
peak power amplifier for amplitude modulation at 850 MHz, a 5 kW peak
power amplifier fdr amplitude modulation at 2 GHz, and 5 kW amplifiers

for frequency modulation at 2 GHz, at 8 GHz and at 11 GHz.

The tubes are designed for a life expectancy of more than 5 years and

for maximum efficiencies in the range of 70 to 80%. This is achieved
yith the novel multiple voltage jump method for velocity resynchronization
and collector depression in four stages. The four-stage collector uses
transverse magnetic velocity sorting and electrostatic suppression.of

secondaries,

The amplifiers for amplitude modulation employ a new grid modulator
technique, which permits linear response over a dynamic range of 20 dB

with very high efficiency.

The coupled cavity structure is used as the slow wave structure, which
is dielectrically loaded for the 850.MHz and 2 GHz tubes to achieve

a substantial reduction of their diameter and weight. These tubes
also use a light weight periodic permanent magnet focusing structure,

while the 8 GHz and 11 GHz tube are focused with a wrapped-on solenoid.



A multiple heat pipe system, which constitutes an integral part of the
spacecraft vehicle, provides cooling for the tubes. The heat pipe
system uses dielectric heat pipes and one way heat pipes for low

temperature cooling and high reliability,.

The report includes a state of the art review of high efficiency achieve-
ments for traveling-wave tubes, of high average power traveling-wave tubes,
and of life performance data of medium power space type traveling-wave

tubes., Also listed are recent heat pipe achievements for microwave tubes.



II. INTRODUCTION

This report describes an analytic design study for a high efficiency
traveling-wave tube amplifier for use in a satellite television trans-
mitter. Prime design objectives are long life, maximum overall effi-

ciency and minimum weight.

The estimated time of the launch is post 1975. This time frame permits
exploring new concepts, methods, and techniques which promise signi-

ficant improvements beyond the present state-of-the art,

The scope of these studies was therefore primarily directed to explore
and evaluate new ideas rather than to provide hardware designs in
meticulous detail. As a result of these studies, several new concepts
were incorporated into'thé tube designs representing advancements in

the state of the art,
' These new design concepts include:
1. A multiple voltage jump taper for improved efficiency enhancement,

2, A new design concept for multi- stage collector depression using
transverse magnetic velocity sorting and electrostatic suppression

of backstreaming secondaries.

3. A new grid modulation method for linear amplification of .amplitude
modulated signals with very high efficiency.

4, Dielectric loading of the ééﬁ;iéd Eéﬁify circuit structure to
achieve a substantial reduction of the tube diameter and weight

for the lower frequency tubes.



5. A new cooling system using both dielectric and one way heat pipes

for superior heat transfer and low temperature tube operation.

Some of these schemes have not yet been demonstrated and an experi-
mental evaluation of their feasibility will therefore be required in

order to incorporate them into tube hardware.

In the following a review is given of the state of the art of traveling-
wave tubes which establishes a reference for the advanced tube designs
described here. The review covers efficiency achievements for traveling-
wave tubes, the performance characteristics of a list of typical high
average power traveling-wave tubes, and long life performance data on
medium power space tubes. Recent heat pipe developments for microwave

tube cooling are also described.

This review is based on data obtained at the Electron Dynamics Division
of the Hughes Aircraft Company, but these data can be considered typical

for the present state of the art of traveling-wave tubes.



I1I. STATE OF THE ART OF TRAVELING-WAVE TUBES
PRIOR TO BEGINNING OF CONTRACT

A. HIGH EFFICIENCY ACHIEVEMENTS®

Methods for velocity resynchronizatibn of the beam modulation with the
circuit phase velocity at large signal levels have been studied and
evaluafed. With these methods, in particular with the voltage,jump
technique and with velocity tapering of the slow wave circuit, it

has become possible to achieve efficiencies up to 63% on experimental
X-band coupled cavity tubes at the 5 to 10 kW power level. Recently
these methods were also applied to space type helix tubes at S-band,
resulting in 55% efficiency with 30 watt power output. - This compares
to 30 to 40% efficiency previously possible for conventional traveling-

wave tubes.

The design of these methods is rather critical and a large signal
éomputer program was found to be essential in analyzing the rather
complex interaction process of a traveliﬁg—wave tube. These progréms
were continuously evaluated and compared with the experimental results
and thus they became important design tools for advanced efficiency

designs,

The two velocity resynchronization'schemes are illustrated with the

velocity profiles of Figure 1,
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Figure 1 Velocity profiles of velocity taper and voltage jump circuit.

The velocity taper achieves resynchronization by reducing the circuit phase

velocity along the axis at the same rate as the average beam velocity.
Velocity tapering can be applied continuously when a helix circuit is used.
For filter type circuits, such as the coupled cavity structure, velocity

tapering is only possible in steps. 1In a voltage jump, on the other hand,

the circuit phase velocity remains unchanged, while the beam is reaccelerated

near the output end of the tube with a voltage jump on the circuit.

In comparing these two methods, the velocity taper could be expected to
‘be more effective, since it can be gradually applied, so that velocity
synchronization is feasible over a longer distance than with the rather
abrupt voltage jump. It was found, however, that the voltage jump method
is usually more powerful. This becomes plausible when one considers that
velocity tapering is generally associated with a reduction of the inter-
action impedance. The energy transfer becomes therefore weaker in a

velocity taper, but not in a wvoltage jump circuit. Moreover, the



voltage jump causes a reduction of the space charge forces in the

beam. These space charge forces genmerally have a degrading effect on

the beam modulation.

Both-methods, the velocity step tapers and the even more effective

voltage jump technique, have been extensively investigated in these

studies.
The following are some findings of these investigations:

1. The velocity profile (for instance linear, quadratic or step

taper) is not critical.

2. The optimum position of tapers is given so that the ‘input end of
the taper is located at the saturation point of the driver section

of the circuit.
3. The optimum velocity reduction of the taper was about 507%.

4. The optimum length of a taper or voltage jump section is the most
critical design parameter. Its length must accurately be correlated
to the electron beam modulation to be effective. The large signal
computér'program made it possible to arrive rather quickly at fts

optimum design.

5. The choice of the relative beam velocity (voltage) of the driver
section deserves special consideration. This parameter determines
the efficiency of the driver section, but also the beam modulation
which enters the resynchronization section. This beam modulafion
is a réﬁher important factor in making the velocity resynchronization
effective. The beam modulation of a modulated electron beam at
large signal levels is generally rather complex, but of significance
is primarily the beam modulation current at the fundamental frequency.
This is the only component of the beam modulation which is capable

of energy transfer to the slow wave circuit.



It is found that the fundamental component of the beam modulation
current becomes larger at lower voltages, until it reaches a maximum
at the "optimum beam bunching voltage", which is lower than the maximum

gain voltage.

This "optimum beam bunching voltage' in the driver section of the cir-
cuit provides indeed the largest efficiency enhancement with velocity
resynchronization, even though the initial efficiency is then rather low.
At this voltage, the harmonic beam current is comparatively small. At
the "optimum overvoltage,'" on the other hand, the fundamental beam
current is rather small, and practically no further efficiency improve-
ment is possible with velocity resynchronization, at least not with the
methods described here. At this voltage the harmonic beam modulation

current is comparatively large.

Conventional traveling-wave tubes are frequently designed for depressed
collector 0peration.2 In this case the spent beam is decelerated and
collected at a lower potential for further efficiency enhancement. The
efficiency improvement with sueh conventional depressed collectors. how-
ever is found to be 1imited.3’4 Limitations on the collector depressidn
are primarily imposed by the beam modulation of the spent beam. Of concern
is the average velocity of the spent beam, as well as the velocity modula-
tion. The velocity distribution of the spent beam, or rather the velocity
of the slowest electrons of the beam determine the limit of collector

depressing before backstreaming of these low energy electrons occurs.

The velocity modulation of a spent beam generally exhibits very little
correlation With the beam modulation currents. However, it is generally

found that the average velocity spread of the spent beam is proportional

to the basic (conversion) efficiency. Tubes with high conversion efficiencies
will therefore contain very slow electrons in the spent beam, and less ef-
ficiency improvement with conventional depressed collectors will therefore

be possible for such tubes.:



This is especially true for tube which employ velbcity resynchronization
fof efficiency improvement. Theoretic#l and experimental investigation
on the velocity distribution of such tubés1 showed, that the average
beam velocity is lower and the velocity spread of the spent beam is
larger than is in conventional tubes. This is illustrated in.Figure 2 of
the computed spent beam velocity characteristics of a velocity taper
tube and a conventional tube with similar tube parameters.1 From

Figure 2 it can be seen, that the velocities of the slowest spent beam
electrons of the velocity taper tube are almost zero. A conventional
collector will therefore not permit any depression without backstreaming.
The velocities of the slowest spent beam electrons of the conventional
tube (with the same paraméters) on the other hand are seen to be fast
enough to permit 45% collector depression (with respect to the circuit

potential VO), before backstreaming with a conventional collector occurs.

(Figure 2)
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Figqre 2 Spent beam energy disfributibn (computed).
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For high efficiency tube, however, which have a large velocity spread

of the spent beam, double stage collector depression permits to achieve

additional efficiency improvements. The spent beam is then separated
. . . . 1

into two velocity groups and is collected in two stages. The faster
electrons of the spent beam are depressed further and are collected at

a lower potential than the slower velocity group.

The design of such double stage collectors can be relatively simple.
The first collector stage is kept at the circuit potential (Vo), while

the second stage collector only is biased, as shown schematically in

Figure 3.

Ve

N NN NN N

Figure 3 Schematic of double stage collector with
single bias voltage,

This type of collector has been generally used with the tubes describel
here. The optimum collector depression is found in most tubes approx-

imately at half the circuit potential Vo’ or

The beam current is then collected in nearly equal amounts in both

collector stages.
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.Ceuéled Cavity Tubes1

The velocity resyﬁchronization methods described above have been applied
to the coupled cavity slow wave structure. Velocity tapering is achteved
by réducing the cavity period, while care must be taken not to change

the cut-off frequencies of the taper cavities. The voltage jump method
can be applied by separating a cavity with electric insuiation, such

as mica. A conventional choke design can be applied to compensate'for

the RF perturbations of the insulation.

The velocity resynchronization schemes were investigated to a consider-

able extent with experimental coupled cavity tubes at X-band.

A demountable test apparatus was used for this purpose to facilitate
design changes of the velocity resynchronization methods. These tubes

had the following common design characteristics:

Frequency X-band

Cold Circuit Bandwidth 6%

Focusing B Solenoid

Gun Perveance .5 up

Beam Voltage 14 kv

Qutput Power} 5 to 10 kw (pulsed)
Collector Double stagé'collector with

single bias voltage

The tubes were built without sever to avoid possible degrading effects
" of the sever on the efficiency. The gain had therefore to be restricted
to less than 20 dB to assure stable tube operation. The efficiency n was

therefore defined as

12



to correct for low gain effects.

Where
Pout = RF output power
Pin' = Input power reduced by cold loss of circuit
P0 = Sum of applied dc power to tube (excluding heater and

solenoid) .

The investigations were not limited to the voltage jump and the velocity
step taper method, but were extended to combinations of these methods as
well. Such voltage jump-velocity taper combinations resulted in higher
efficiencies than was possible with either voltage jump or velocity taper

only. The following circuit combinations have been evaluated;

A, Voltage jump

B. Two~-step velocity taper

C. Combination voltage jump two-step velocity taper

D. Combinations of a voltage jump and single step veloeity taper

Figure 4 gives the results of a voltage jump followed by a two-step velocity
taper with an end velocity of 70% of the initial circuit phase velocity.
This figure also shows a schematic of the velocity profiles for the circuit
phase velocity and the beam voltage, including the collector region (col-

lector groundéd or depressed),
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These velocities

< <
O W O N =~ O

<

(=N — I -1

circuit
circuit
circuit
dc beam
dc beam

dc beam

are defined as follows:

phaée velocity in driver section

phase velocity in first step velocity taper section
phase velocity in second step velocity taper section
velocity in driver section and in undepraésed collector
velocity in voltage jump section

velocity in depressed collector
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Figure 4 Efficiency of combined voltage jump and two-

step velocity taper circuit (measured).
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The beam current is the variable in this plot. The frequency was held
constant in the measurements. All voltages, with the exception of the
anode voltage, were also held constant. The drive level was optimized
at each beam current value. The saturation gain was 20 dB for the
optimum efficiency point. The efficiency reaches 58% with collector de-
pression; more than 50% efficiency is achieved with a grounded collector.
We note one efficiency behavior péculiarity associated with these taper
methods: efficiency will increase with about the third root of the beam
current in typical traveling-wave tubes. Here, however, we see that an
efficiency maximum is reached with a specific value of the beam current

(corresponding to a beam perveance of .3up).

The circuit combination shown consists of a voltage jump and a two-step
velocity taper. Very good efficiencies, however, can also be obtained
with a simpler combination of a voltage jump and only a single velocity

step taper.

‘Figure 5 shows results from such a combination: As indicated on tbe
velocity profile, there is a velocity step taper first -- with-a velocity
reduction of 12%. The velocity taper is followed by the voltage jump.

The frequency is the variable in this efficiency plot. The current and
all voltages are kept constant; the drive level was optimized at each
frequencj. The saturation gain was about 18 dB. The efficiency (with

a depressed collector) is about 50% over a 200 MHz frequency range.

With a grounded collector, 45% efficiency is achieved at the center
frequency. We note that the voltage jump in this configuration is

applied to a tapered circuit section which already had a reduced phase
velocity, This is a disadvaﬁtage because the interaction impedance of

a circuit with a reduced phase velocity is inherently lower; a lower
interaction impedance reduces the effectiveness of a voltage jump. There-
fore, it appears attractive to apply the voltage jump to a circuit section

without phase velocity reduction so that sacrifices are unnecessary
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in 'the interaction impedance.
how this can be done in such a combination.
in the untapered voltage jump section is then compensated by an equivalent

" increase of the voltage jump magnitude to maintain the required synchronism

between circuit wave and beam velocity in the voltage jump section.

60

The velocity profile in Figure 6 shows -
The higher phase velocity

voltage jump circuit (measured).
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Figure 6 Efficiency of combined velocity step and

untapered voltage jump circuit (measured).

These dafa were taken as a function of frequency. The current and all
voltages were kept constant. The drive level was optimized at each fre-
quency. The gain was then about 18 dB at saturation. As expected, the
efficiency is higher, up to 627% with depressed collector and up to 53%
with a grounded collector. The overall efficiency is higher than 50%
over a frequency range of 350 MHz. This is more than half the "cold"
bandwidth of this circuit (600 MHz). Although this is a relatively
small bandwidth, these results are indicative of the large bandwidth
capabilities of the taper methods. It is well known that such coupled

cavity circuits can only operate efficiently for less than half the '"cold"
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bandwidth. Thus, no bandwidth limitations have been imposed by the
taper methods and the bandwidth is limited only by the limitations of

the basic circuit.

In Figure 7 the performance of a velocity step taper is shown. The
velocity profile in Figure'7 shows its configuration: a two-step ~

velocity taper with a total phase velocity reduction of 30%.,
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0 1 1 1 1 - i
8 10 ‘ 1 12 13 4 15 -]
CIRCUIT VOLTAGE Vg (kV)
Figure 7 Efficiency of two-step velocity taper

circuit (measured).

The variable in this case was the circuit voltage. Current and fre-
quency were kept constant, and the drive level was optimized at each
voltage. This gave a gain of about 20 dB at saturation. ©Note that the
efficiency_bécomes a maximum with a voltage of 12.5 kV to produce enhanced
beam bunching in the driver section. This compares to a maximum gain
voltage of 16 kV, and about 19 kV optimum overvoltage to obtain maximum
efficiency without tapering. The tubé achieves 38% efficiency with the

grounded collector and 50% with collector depression.
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These results have been tabultated in Table T.

The cases I, IIA and IIB are the voltage jump velocity taper combina-
tions discussed previously. Case III is the straight two step velocity
taper and IVA and IVB are the two voltage jump circuits used in our

combinations. One has a lower and the other a higher interaction impedance.

The experimental tubes described above operate over a comparatively small
bandwidth (3%). However, the velocity resynchronization methods are

not restricted to such small bandwidths.

An increased bandwidth version of the voltage jrmp tube was therefore
evaluated with the demountable test apparatus. The efficiency data

are shown in Figure 8.

80 LI | T T J T v T 7 T U y

WITH DEPRESSED COLLECTOR _
COLLECTOR GROUNDED |

60

40}

EFFICIENCY (%)

\ Vo= 15KV
20} AVj =+7.5KV N
L l&h’c"-.7lfi'(\, -
ol .  Tor%IA .

86 88 9.0 9.2 9.4 9.6 9.8 10.0
- FREQUENCY (GHz)

Figure 8 Efficiency of X-band coupled cavity tube for
increased bandwidth with voltage jump (measured).
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Nearly 10% bandwidth have been achieved with this tube with approxi-
mately 50% efficiency. This tube has an increased perveance of 1.15 up
to provide output power of 10 kW. The gain of this tube is approxi-

mately 18 dB, since no sever is used.

The voltage jump and velocity taper method are not the only velocity
resynchronization schemes available for efficiepcy enhancement on coupled
cavity tubes. It has been found that multi-voltage jump tapers, which
consists of a series of small voltage jump sections with increasing beam
voltage result in superior efficiency improvements compared to the velocity
resynchronization methods described here. This new method has been used

for the efficienecy design of the proposed tubes.

Helix Tubes

The velocity resynchronization methods can be applied to the helix slow
wave structure or other circuits, The helix circuit offers the advantage
~that the desired length of a helix taper or voltage jump section can be
accurately obtained, while the lengths of coupled cavity sections are vari-

able only in steps due to the periodicity of this structure.

Helix circuits can easily be designed with a continuous velocity taper

by varying the helix pitch accordingly.

Voltage jump circuits however have the problem that an internal helix coup-
ling between the driver helix and the voltage jump helix can not easily be
achieved. It is possible however to bypass this problem with an external

helix coupliﬁg through coaxial windows as shown schematically in Figure 9.
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Figure 9 Schematic of helix tube with voltage jump.

The voltage jump helix is electrically insulated by two dc blocks at its
input and output. These dc blocks permit undisturbed RF transmission
and allow to apply a higher voltage to the helix. - A phase shifter has
to be inserted between driver and voltage jump helix to compensate for

undesired phase shifts of the circuit wave in the transition path.

The gap in the voltage jump transition is exposed to a dc acceleration
field, which may cause a perturbation of the beam focusing if the gap
is too small. If the gap is too large, on the other hand, the beam
modulation may deteriorate in the transition of the gap and may thus

cause an efficiency degradation.
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The large signal computer program was modified to analyze the effect of

such voltage jump gaps with a linear voltage gradient assumption.

The space type helix tube with PPM focusing for S-band was designed with

a voltage jump and a single biased double stage collector with data obtained
from the large signal computer analysis. The efficiency data of this tube,
shown in Figure 10, demonstrate the feasibility of this technique for

helix tubes.
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FREQUENCY (GHz)
Figure_lO Efficiency of S-band space type helix tube

with voltage jump (measured).

The efficiency with depressed collector is approximately 50% from 2.1 GHz
to 2.6 GHz, with a power output of 30 watts. The tube was built without
an attenuator to avoid possible degrading effects on the efficiency. The

saturation gain was approximately 12 dB, The drive level and the phase
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in the voltage jump transition was optimized for each frequenty (Figure 9).
The required phase changes correspond to those which would be produced by

a helix line with the length of the gap.

The distortion characteristics of space tubes which are used for communi-

cation purposes is of concern. These data were therefore evaluated for

the described tube. At saturation the AM - PM conversion was measured
o . . . . .

to 1°/dB, the third order intermodulation distortion to -12 dB. These

data compared favorably to those of conventional traveling-wave tubes.

The intermodulation distortion of such velocity resynchronization tubes
can be expected to be low, since these tubes operate with enhanced beam

bunching, where the harmonic beam modulation current is suppressed.

It appears possible to apply a .velocity taper or a combination of a
voltage jump and a velocity taper to a helix tube, Significant effi-

ciency improvements can then be expected also.

B. HIGH AVERAGE POWER TUBES

The Electron Dynamics Division of Hughes Aircraft Company has been en-
gaged for many years in the development and production of high average
power traveling-wave amplifiers with operating frequencies ranging from
C~band to Ku-band. Several of these tubes are used for satellite ground

communication transmitters.. These tubes use the coupled cavity slow wave

structure.

This bandpass filter structure has many advantages for high power

traveling-wave amplifiers:

24



The high interaction impedance of this circuit assures high gain per
unit length and high efficiency. It has become the standard for multi-
kilowatt traveling-wave tubes above S-band. Its advantages are a large
thermal mass (because of the all metallic construction) and its ease

of adjustment from very narrow to almost 40% bandwidth,.

In the past, operation has been limited to a few percent bandwidth because
of bandedge oscillations. This is due to the bandpass characteristics
of this type of circuit, with its high reflection and impedance at the
upper and lower cutoffs. A technique of including lossy elements, resonant

at the cutoffs, within the circuit, was developed.

The resulting tubes have wide, oscillation-free operating ranges that aid
in trouble free operation. The all metallic construction assures the

good thermal path to the cooling medium necessary in high power devices.

This technique has been employed for several years on low duty pulsed
tubes. However, a careful study of materials, methods and techniques
was required to prevent over-heating and gassing for tubes, to be operated

at CW.

The coupled cavity circuit structure is uniquely suitable for the design

of a highly effective, light weight magnetic focusing structure, which uses

periodic permanent magnets. This focusing structure can be incorporated as
an integral part of the circuit structure and offers a high quality focusing
system with substantial weight and size reductions when compared to solenoid

focusing.

Stable high gain is achieved by dividing the circuit into separate sec~
tions which are completely isolated from each other in an RF sense. The
only coupling from one section to the next is through the modulated elec-
tron beam which can travel in one direction only. Consequently, there

can be no feedback from the output to the input to cause regeneration --
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even if more sections are added to give still higher values of RF gain,
This technique allows a straightforward design approach for arbitrarily
high gains. High gains are achieved merely by.adding.length to the cir-
cuit of the tube. | ’

The coupled cavity structure is also extremely rugged and can withstand

severe shock and vibration. It is suitable for. space applications: As
the reliability of these tubes was being improved, the power level and
gain were also being raised to the present level of 10 kW CW at X-bgnd

with 55 dB of small signal gain.
In Table II a variety of these tubes with their performance characteristics
are listed. These tubes can be considered representative for presently

available high average power traveling-wave tubes.

The design and performance features of several of these tubes are

described below:

10 kW CW X-band Traveling-Wave Tube (710H)

The high gain . 10 kW CW traveling-wave amplifier is one of a variety
of high average power X-band tubes. Some of these have been in»pilot
production for a number of years. More than 200 models of the 10 kW
level tube have been fabricated. This indicates both the advanced
nature of the refinement of this device and the valuable experience

gained in identifying its critical problem areas.

Figure 11 shows the tube after processing and before being packaged in
its focusing solenoid. The circuit is severed into three separate sec-
tions to obtain the 55 dB of stable gain. The two extra waveguide windows

are used to install external loads to terminate each side of the last sever.
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Table II

High average power traveling-wave tubes,

POWER OUTPUT - EFFICIENCY
_ FREQUENCY , R | WITH
TUBE RANGE PEAK | AVERAGE |GAIN DEPRESSED TYPE
GHz kw kW dB COLLECTOR FOCUSING
614H 5.9 - 6.4 8 CW 8 |45 35% Solenoid
622H 5.4 - 5.9 75 2 |50 227, PPM
(No gollector
depression)
635H 5.4 - 5.9 200 8 50 25% Solenoid
(No collector
depression)
636H | 4.4 - 5.0 10 CW 10 |11 50% Solenoid
745H 7.9 - 8.4 1.2 cwW 1.2 |35 30% Solenoid
7228 - 8.4 - 9.2 1.5 cW 1.5 |40 18%
(No collector
depression) Solenoid
3071 8.5 - 9.5 75 1 150 37% PPM
750H 9.0 - 10.0 25 .5 |50 40% PRM
7.10H 8.7 - 9.3 10 cwW 10 {50 40% Solenoid
817H 15.3 - 16.5 8 CW 8 |40 35% Solenoid
828H 16.0 - 16.5 100 .5 |53 35% PPM

* in development

Figure 11

without solenoid.
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Recently, an internal termination capable of absorbing over 700 W has
been developed for this tube, This allows up to 3 kW average output
power with an internal type of termination rather than the external

sever connections,

The collector, with a large insulator to permit collector depressiom,
projects between the waveguide flanges. Coolant connectors are attach-
ed to the body and the collector, Appéndage ion pumps are included at
the exhaust manifold between the waveguide extensions and at the gun
to assure good pressure ddring preliminary tests. Figure 12 shows the
tube packaged for operation within the focusing solenoid. Various
detailed operating results were presented in earlier sections of this

discussion. Some of the pertinent parameters are:

Frequency X-band
Bandwidth 10%
Gain (saturéted) 53 dB typical
Power output 10 kW
Power input 10 -~ 100 mW
Efficiency 25%
Efficiency (with depressed

collector) : 35 - 40%
Cathode wvoltage -20 kV
Cathode current 2.5 A
Perveance .88 X 10—6
Focusing Solenoid
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Figure 12 10 kW CW X-band traveling-wave amplifier
packaged in focusing solenoid ready for RF
operation,

8 kW CW X-band Traveling-Wave Tube (614H)

The C-band CW traveling-wéve amplifier (614H) was developed from experi-
ence gained on the X-band tube. A summary of the major specifications

is included below:

Frequency range 5.9 - 6.4 GHz
Gain 40 dB
Power Output 8 kW
Efficiency 187
Efficiency (with depressed

collector) 35%
Cathode voltage -18.6 kV
Cathode current 2.9 A
Perveance 1.2 X 10-6
Focusing Solenoid

Figure 13 is a photograph of the 614H without its focusing solenoid.
Note the similarities (except size) in layout with the X-band tube.

This indicates the degree to which prior experience is utilized,
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Figure 13 8 kW CW C-band traveling-wave tube without
solenoid. - ‘

Figure 14 shows the 614H as it would appear in a completed package

with solenoid.

Figure 14 8 kW CW C-band traveling-wave tube with solenoid.
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Figure 15 shows the power output versus frequency for the latest tube

of this type.

g
; ; - ' ;

by g EORY v : Figure 15

2 ;(//)F( 614H power output vs.,
é l . . l ) frequency for various
S | "8.!% BAND WIDTH | J beam voltages.

DESIRED OPERATING RANGE

o) ] ] I 1 1 - | l
58 5925 6.0 6. 6.2 63 6425 65
FREQUENCY {GHz}

Ku-band 10 kW CW Traveling-wave Tube (817H)

Recently the Hughes Electron Dynamics Division conducted a study of high
power transmission tubes above X-band for use in satellite communication
ground terminals for the U, S, Army Electroniés Command (Contract No, DA
28-043 AMC-00234(e)). This study shows that coupled cavity traveling-wave
tubes are feasible for operation at the 15 to 16 GHz and 31 to 32.3 GHz
frequency bands at power levels of 10 kW and 25 kW CW.

As a paft.of this program, one experimental tube (817H) was constructed.
This tube was operated to 8.7 kW CW at 15.54 GHz. Although the limited

scope of the experimental portion of the study program allowed only one

tube to be built, the capability of the coupled cavity traveling-wave
tube approach to high average power, even at Ku-band frequencies, was

demonstrated,
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The basic design features and mechanical construction of the 817H are
closely related to the more fully developed X-band tube (710H), discussed
before. The 817H is essentially a more narrow band version of the 710H

scaled to operate at Ku-band.

The 817H uses a cathode modulated electron gun and is solenoid focused,
The beam perveance is 0.9 X 10-6. The beam diameter is 0.0359 inch and
the resulting ya is approximately 1.45. To obtain a gain of 40 dB the
interaction circuit is severed into three sections. The terminations
at the first sever are provided internally. Because of the very high
RF power of this tube, the relatively small internal terminations can
not handle the power at the second sever. Therefore, the circuit is
matched to external waveguide and the terminations for this sever are

provided externally. For this reason four RF windows are required on
the 817H.

Figure 16 shows the completely assembled 817H after vacuum processing
and pinch-off but prior to placing it in the focusing solenoid. As.
éan be seen, appendage vacuum pumps remain on -each end of the tube. It
has been found that with proper processing, the pump at the gun end is

not essential,

Figure 17 shows a typical curve of efficiency and beam transmission as
functions of collector depression voltage taken under pulsed conditions

at a frequency of 15.33 GHz. The RF output power was approximately 11.6 kW.

The 817H was operated both pulsed and CW over a wide range of operating
conditions, 1t was oscillation free for a cathode voltage range of -13 kV
to -24 kV, Figure 18 shows saturated power output versus frequency under

pulsed conditions.
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Figure 16

Finished view of experimental tube 817H, without

focusing solenoid.
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Figure 17 817H beam transmission and efficiency vs.

collector depression at -20 kV beam voltage.
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Figure 18 Pulsed RF power output vs, frequency of 81l7H. Parameter

is cathode voltage. The dashed portions of the curves

~indicate that the drive level is not sufficient for

saturation.

75 kW, Gridded, Periodically Focused, C~band TWT (621H)

The 621H is shown in first packaged form in Figufe 19, 1t uses a "shadow"

grid electron gun. The 621H is designed to meet the following requirements:

Frequency range 5.4 to 5.9 GHz
Small signal gain 50 dB
Peak output pdwer 75 kW
Duty cycle .02
Cathode voltage -36 kV dc
Beam current 10 amp peak
Perveance 1.5 X 10“6
Grid voltage (with fespect to

cathode) 400 V peak
Grid bias | -800 V dc
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Focusing Periodic permanent magnet

Cooling - Liquid
Weight 36-1/2 pounds

Figure 19 621H - 75 kW PPM focused C-band traveling-wave tube,

Figures 20 and 21 show typical small signal gain and saturated output
power versus frequency curves of one of the early deVelopmental models

of the 621H for several values of beam voltage.
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3074 High Average Power X-band PPM Tube

The 307H is a broadband, high power traveling-wave tube. This production

tube has high efficiency with high gain per unit length; 50 kW peak power

is attained in this lightweight, periodic permanent magnet focused traveling-

wave tube. A photograph of the 307H is shown in Figure 22. A summary of

the major specifications is included below:

Frequency

Power output

Duty

Gain (saturated)

Gain (small signal)

Cathode voltage

Cathode current

Anode voltage

Anode voltage (cutoff)

Heater voltage

Heater Current

Cooling - Collector
Body

Length

Diameter

Weight

Efficiency

37

8.55 - 9.45 GHz

50 kW minimum

1% (tested to 47%)
50 dB

56 dB

-36 kv

10 A

0

-37 kV

11 V ac

5.5 A

1.5 GPM 3,0

2
.5 GPM HZO
22-1/6 inches
3-1/2 inches OD
25 pounds

37%



Figure 22 50 kW X-band pulsed traveling-wave tube 307H.

C. LIFE PERFORMANCE OF TRAVELING-WAVE TUBES

Medium Power Tubes for Space Applications

The Electron Dynamics Division of Hughes Aircraft Company has been the
supplier of approximately 80% of the traveling-wave tubes used in space
applications. Substantial efforts have been devoted over a number of
years to develop the technology and the special facilities necessary to
manufacture traveling-wave tubes with the required ektreme reliability
in space environment, These tubes are generally very rugged, very ef-
ficient, light weight and small with PPM focusing and a helix slow wave

structure. Their operating frequencies range from S-band through Ku-band

with power levels up to 30 watts.

In order to evaluate the life expectancy of these tubes, extensive life
tests were initiated a number of years ago, which are still continuing.
In Table III several of these tubes are listed as well as their applica-

tion in space.
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Table III1 Long life tubes for space applications.

1, The Hughes 314H, a 2 to 5 watt CW, 1.5 to 2.5 GHz tube,
is . the Syncom I Satellite Transponder Output Amplifier.

2.  The Hughes 349H, a 10 to 12 watt CW, 1.8 to 3.2 GHz tube
for the Surveyor Telecommunications.System (Mariner and

Lunar Orbiter).

3, The Hughes 384HA, a 4 watt CW, 3.0 to 5.0 GHz tube, is
the Applications Technology Satellite Transponder Output
Amplifier.

4, The Hughes 384H, a 4 watt CW, 3.0 to 5.0 GHz tube, is the
Advanced Syncom Satellite Transponder Amplifier (now ATS).

5. The Hughes 394H, 'a 5 or 20 watt CW, 1.8 to 3.0 GHz tube
for NASA's Apollo Spacecraft Transponder.

6. The Hughes 214H, an 8 watt CW, 2.2 to 2.4 GHz tube for

the Pioneer Telecommunications System,

7. The Hughes 215H, a 6 watt CW, 3.0 to 5.0 GHz tube for

the Early Bird Communications Satellite Transponder.

8. The Hughes 226H, a 50 mW CW, 3.0 to 5.0 GHz tube is the
driver tube for the Intelsat IL Communications Transponder

Output Amplifier.

These tubes have accummulated a very substantial amount of successful

total life test hours as shown in Table IV.
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Table v Total accummulated hours of life testing for space tubes

(7/1/68).

TUBE TYPE | NUMBER OF TUBES  TOTAL HOURS
T | 12 | 431,300
384HA 13 161,500
215H 10 112,560
394H 5 55,585
314H 9 484,100
349H 8 247,200
214H 2 32,025
226H 3 46,880
62 1,571,150

_The life testing includes emission evaluation, failure-mode evaluation,
an evaluation of on-off switching, filament warm-up, of cold stafts
without .a filament warm-up period temperature cycling, and of the storage

time effects under operational conditions.

In Table V, VI and VII the individual accummulated hours of successful

life testing for several of these tubes are listed.

Table V Continuous life test data on 384H TWT (7/1/68).

TUBE TYPE | SERIAL NUMBER TOTAL OPERATING TIME

(hours)
384K 39 37,900
384H 45 36,000
384H 48 38,800
384H 49 37,300
384H 53 37,800
384H 55" . 17,100
384H 67 38,500
384H 68 . 36,400
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Table V  gentinued.
TUBE TYPE SERIAL NUMBER TOTAL OPERATING TIME
(hours)
384H 70 38,400
3841 74 37,600
384H 76 37,500
384H 78 38,000
TOTAL OPERATING TIME (12 TWTs) 431,300
*Removed

from te%t -~ equipment malfunctioq

Table VI Continuous life test data on 314H TWT (7/1/68).
TUBE TYPE SERIAL NUMBER TOTAL OPERATING TIME
(hours)

3148 6 54,100
314H 11 54,300
3141 12 54,300
314H 14 58,500
314H 18 53,600
3144 20 55,600
3141 37 54,400
3141 39 53,400
314H 55 45,900

TOTAL OﬁERATING TIME (9 TWTs) 484,100
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Table VII.. Continuous life test:data on 349H TWL (7/1/68),

TUBE TYPE SERIAL NUMBER TOTAL OPERATING HOURS | CYCLES
 349H 25" ' ' 24,400

349H 51 51,300

349H 527 23,800

349H 56 26,000

349H 69 51,900

349H 97" 20,500

349H 101" 19,200

349H 110 - 30,100 45,150

TOTAL OPERATING TIME (8 - 349H TWT) 247,200 45,150
*Removed ffom test due to endiof-life.

It can be seen that a number of these continue to perform after continuous
life testing of approximately 50,000 hours. Although these data are
restricted to tubes made by the Hughes Aircraft Company, they can be

considered representative for thése low powered tube types.

Life Tests on High Power Tubes

Life tests have been carried out on several pulsed kilowatt power level
traveliﬁg-wave tubes, which use either coupled cavity circuit or helix
slow wave structure. These tubes are generally designed for 2000 to
3600 hours operation. The life tests had to be discontinued due to
limitations of the test equipment. These life test data are listed in
 Table VIII.
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T TD." " RECENT ADVANCRMENTS TN HEAT FIPE COOMING FOR MICROWAVE.TUBES

The Electron Dynamics Division of Hughes Aircraft Company is actively
investigating'new concepts and methods of heat ﬁransfer and cooling for
traveling-wave tubes, especially heat pipe cooling. Heat pipe cooling
utilizes the evaporation heat of fluids for cooling purposes. This method
provides superior heat transfer characteristics when compared to converitional
liquid coolihg techniques. This cooling method requires no pumps, since

the transport of the fluids is accomplished by capillary action. Power is
therefore saved and the tube can operate more efficiently than a tube with
conventional liquid cooling. The capillary pumping method is gravity-inde-
pendent and thus it is ideally suitable for space applications. A heat pipe
cooling system operates at nearly isothermal conditions over large areas and
thus can be considered more reliable than other heat transfer methods,

‘Design methods for heat pipes are now well established2’3’4

Recent efforts
in this area at Hughes Aircraft Company led to the development of one-way
heat pipes and of dielectric heat pipes for depressed collector operation.

These devices are described here.

1. Dielectric Heat Pipe

The dielectric heat pipe is a device which has the ability to remove
heat from a heat source (traveling-wave tube) while, at the same time,
serving as an electrical insulator. To date these devices have been
capable of removing up to 1000 watts of dissipated power from the
collector while the voltage was depressed 12,000 volts. Figure 23
shows a heat pipe built around a traveling-wave tube collector. In
this particular heat pipe the working fluid and the wick are dielectric

materials and, thus, the device is also a good electrical insulator.
However, the dielectric strength of the device drops off very fast,

according to Paschen's Laws, when the operating temperature is reduced,

since the pressure inside the device drops expontentially with temperature.
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There are several methods to compensate for this effect. Among

these are gas displacement, liquid displacement, and preheating. 1In

the gas displacement method (shown in Figure 24a) inert gas at
room Eemperature and atmospheric pressure is introduced above the
' working fluid. During operation, vapbr displaces the inert gas
in the condenser area and the inert gas is displaced into the
expanding bellows. A similar approach is used in the liquid dis-

placement system (Figure 24b). 1In this case, the chamber is filled

at room temperature with working fluid. As the device begins to
operate, vapor will displace the excess liquid from the condenser
to the expanding bellows. During shutdown the bellows will force
the fluid back into the condenser maintaining the desired pressure
upon cooling and, consequently, voltage breakdown strength.. This,
however, would result in a rather bulky and stationary device.

Another possibility to solve the start-up problem at low pressures

would be to preheat the heat pipe before the operation begins.

The dielectric heat pipe employs the technique of introducing
dielectric gas into the vapor space (Figure 24c). The dielectric gas
can maintain the required dielectric stréngth at low pressures, which
exist below operating temperatures. Thus, the dielectric strength is
maintained by gas at low temperatures and by the vapor of the heat
pipe fluid at higher temperatures. This is ;llustrated by the curves
of Figure 25, where the breakdown voltage is plotted as a function of
temperature for a heat pipe charged with Dowtherm A working fluid. It
can be seen that the dielectric strength of the system falls off very
rapidly with lower temperatures. However, when a dielectric gas such
as SF, at 300 mm Hg pressure is introduced, the system can withstand

6
voltages up to 15 kV even at low temperatures.
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The dielectric gas pressure is chosen high enough to provide
adequate voltage breakdown insulation for the lower limit of the

temperature range of the system.

The principle of this method is illustrated in Figure 24c and 24d.
Without any application of heat, the volume inside the heat pipe
is filled with a mixture of gas and vapor (Figure 24c). The gas
pressure is approximately 300 mm of mercury. At high voltage, the
gas has sufficient dielectric strength to prevent breakdown, whereas
the vapor alone would not. Hence, the device can be operated at
high voltage from a cold start., As heat is applied, the pressure
in the heat pipe increases because of boiling of the working fluid
and, to a lesser degree, because of thermal expansion of the gas.
Both vapor and gas modecules are forced to carry their energy to
the cold portion of the device. The heat pipe vapor condenses on
the wick surface where the condensate is drawn into the wick and
returned toward the heated end by capillary action to replace the
fluid being removed by evaporation. The gas molecules, however,
being non-condensable, are not absorbed into the wick, They are
trying to migrate in all directions according to kinetic theory,
but their progress toward the hot end of the heat pipe is impeded
and reversed by collision with the large number of molecules in
the vapor driven off from the heated sections. Accordingly, as more
heat is applied, the gas molecules are crowded into the cold end
of the heat pipe. It is seen that the effective condenser area
(Figure 24d) becomes larger until, at steady state, the required

condenser area to give up the heat to the outside is achieved.

Table IX characterizes typical working fluids and dielectric gases
suitable for operation in dielectric heat pipes. Choice of a work-
ing fluid and gas demands consideration of several characteristics.
The first is compatibility of the fluid with the gas and in combina-

tion with heat pipe materials. Operating temperature requirements
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define the choice of fluid; its atmospheric boiling point should

be within +10% (in degrees) of the desired operating temperature,
The choice of heat pipe fluid and gés is further narrowed by re-
quirements for highest possible latent heat of vaporization, highest
possible surface tension, and the lowest possible viscosity. The
dielectric, or electronegative gas, must be stable at operating
temperatures; it must have sufficiently high dielectric strength

at design pressure; and its boiling point must be below the lowest
heat pipe start-up temperature. Preferably, the gas should also be
nontoxic, Typical breakdown voltage curves for dielectric gases at
300 mm Hg pressure are presented in Figure 26 and 27. Figure 27
plots the breakdown voltage as a function of pressure for several
mixtures of cooling fluids and SF6.
The life performance of dielectric heat pipes has been evaluated
in life tests for various heat pipe fluids with and without
dielectric gases. These life test data have been compiled in
Table X. Dielectric heat pipe operation in excess of 10,000

hours has been achieved so far.

Figure 28 shows a picture of a dielectric heat pipe collector
tested with electron beam heating. This heat pipe has a gas reser-
voir with baffles. It operates with a beam power load of 860 watts
on the collector and with 12 kV collector depression. This tester
is still being life tested with full operational conditions and

random turn-on-and-off cycling.

Figure 29 and Figure 30 show a more compact heat pipe and its
assembly parts. The gas reservoir of this dielectric heat pipe

is connected to the vapor chamber by an orifice., This dielectric
heat pipe collector operates with a thermal power load of 1,000 watts
on the collector, and can hold 15 kV collector depression even at

room temperature and lower. A modified design of this dielectric
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Figure 28 Dielectric heat pipe with gas reservoir,

Figure 29 Compact dielectric heat pipe with gas
reservoir,
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heat pipe collector will operate with a thermal load of 1500‘watts
(14 watts/cmz) and a collector voltage{depréssion of 20 kV within

the same envelope.

The advantages of collectors using dielectric heat pipes are

therefore:
1. The collector can operate at higher thermal power densities.
2. The collector insulator is not exposed to the cooling air

and failures due to dirt, moisture or high altitudes are

eliminated.

3. The configuration provides complete RF shielding.

Figure 30 Assembly parts of compact dielectric
heat pipe with gas reservoir. '
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One-Way ‘Heat Pipe

The one-way heat pipe is a device which permits heat flow in one
direction but acts as a thermal insulator when heat is applied

from the opposite direction.

Such one-way heat pipes will provide good thermal insulation for

the spacecraft when the radiator is exposed to the sun and thus
protect the spacecraft from being heated by the sun. However

when the radiator is not exposed to the sun, the one-way heat

pipe will provide good heat transfer from the heat source of

the spacecraft (tube) to the radiator. Thus the one-way heat

pipe acts as an automatic thermal switch for the radiators. This
permits to utilize a larger number of radiators which may temporarily

be exposed to the sun.

Several such one-way heat pipes have been built and were operated

successfully.
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-1V, DESIGN APPROACH AND ﬁﬁ&ﬂEEOFF CONSIDERATIONS

A, - SUMMARY OF MAJOR SPECIFICATIONS

The following requirements have been specified for the tube design

analysis:

Tube Abplication: Output étage»traveling-wave tube amplifier for

satellite television transmitter,
Tube design objectives in order of importance:
1. Expected tube)life: 20,000 hours minimum.
2. Maximum overall efficiency, and driver sfage efficiency.

3. Minimum weight, including focusing, driver stages and filters,

if any.
The factor relating weight and efficiency is given to be
100 1bs/kW .,

The design of five traveling-wave tube amplifiers with the specifications

given in Table XI is required.

The amplitude modulated tubes (I and II) are required to provide a linear
dynamic range of
20 dB minimum
. t I3 (] 2 . 3 + —3
with a maximum deviation from linearity Agmax of Agmax + .5 dB at 3 dB

below saturation.

Their maximum permissible deviation from phase linearify Ammax has been
specified to:
AP (@) max =+ 1,2° over the bandwidth.
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Their signal €8 noise ratio S/N over the AM bandwidth is required to

S/N = 42 dB minimum

55 dB desirable.

The FM tubes (III, IV and V) require their second order phase deviation-

not to exceed

o @ _ . 05% (vmz)?

]

and a signal to noise ratio

32 dB minimum

45 dB desirable.

S/N

The tubes have to withstand

maximum

- .015°/(MHz)? desired

of

the following vibration conditions:

FREQUENCY PEAK RANDOM RMS
(SINUSOIDAL) AMPLITUDE DENSITY AcCC.
20 - 400 (cps) 5.0 g .082 g2/cps | 5.4
- 400 - 3000 (cps)’ 15.0 g .15 g2/cps 17.9

as well as a shock of

30 g minimum with

8 msec duration,

The satellite's altitude (synchronous orbit) is given to 19,300 N.M. in

the equatorial plane. The gravitational environment is less than

5% 1077 g

60



and the background pressure
less than 10-12 torr .
It may be assumed for the purposes of this study that heat may be re-

jected (radiated) over a solid angel of 2x into a background at a very

low absolute temperature.

Relative orientation of satellite components:

Antenna: toward earth

Solar array: toward sun

The mode of operation in space has been specified as

22.5 hours minimum per 24 hours

24 hours maximum per 24 hours
with a maximum required restarting period of

once in 24 hours within less than five minutes following a

command signal.
Number of restarts in life time
180 minimum,

Some of these specifications have to be considered preliminary and are

subject to modifications as a result of more detailed system design analysis.

In the following sections the design approach and design trade-off
considerations are discussed for the design requirements given above.
In these trade-off considerations the choice of the slow-wave structure,

the high efficiency design, the choice of the focusing configurations
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and' the choice of the cooling method are discussed with regard to long
life and reliability, to maximum overall efficiency and minimum overall -

weight,

B. CHOICE OF THE SLOW-WAVE STRUCTURE

Two types of circuit structures were considered for traveling-wave tﬁbeQ:
the helix type circuit and the coupled cavity structure. The helix
circuit has considerable bandwidth capability, and is comparatively

small in size and weight. However, its power handling capability is
limited due to its dielectric support structure and, for a conventional
helix circuit, due to a tendency for backward-wave oscillations at high
operating voltageé. Although advancements in the power handling of the
helix circuit are being made, the power requirements of the’design tubes
are still beyond the present state of the art of these tubes. Therefore

the coupled cavity circuit is chosen as the slow wave structure. This

circuit can safely handle at least an order of magnitude higher power
‘levels than the helix'circuit due to its massive copper structure. The
required power levels are well within the capability of this circuit.
The structure is also very rugged. The diameter and weight of a.coupled
cavity tube is comparatively large, however, especially at low frequencies.
The coupled cavity structure is a bandpass filter type circuit, and un-
like the helix circuit, it can be designed for a precisely chosen band-
width. Therefore its bandwidth can be decreased to the relatively small
frequency ranges required for the tube designs. This offer the advantage
of achieving a very high interaction impedance, since the interaction
impedance of this circuit is inversely proportional to the band-

width. A high interaction impedance is desirable for high efficiency,
and it also results in a very high gain per unit length, so that the

tube can be rather short. The coupled cavity has a tendency to oscillate
at its cut-off frequencies unless precautionary measures (such as tuned
"loss buttons') are taken. Very narrow band coupled cavity tubes however

are genérally more stable. The coupled cavity structure also lends itéelf
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to the design of a light-weight high quality periodic permanent focus-
ing configuration, which constitutes an integral part of the circuit,
This circuit is also uniquely suitable for advanced efficiency enhance-

ment schemes such as the multiple voltage jump taper.

Nevertheless, the helix circuit is not ruled out since a dual tube
approach is conceivable with a low power, light weight helix tube as

a driver and a high power coupled cavity output tube. A new concept

is proposed for the AM tubes (tubes I and II) which requires a dual

tube design for the picture signal, comprised of a helix tube preamplifier
and a coupled cavity tube modulator, as well as a helix tube amplifier

for the FM audio signal. This approach provides very high overall effi-

ciency (in the range of 60 to 70%) for amplitude modulated signals.

The dual tube approach with a helix driver tube offers the possibility
of an overall weight reduction, when compared to a high gain single
coupled cavity tube. However, calculations for these tubes have shown
that such overall weight reductions can only be achieved for amplifiers
with frequencies lower than 2 GHz. Therefore the dual tube approach

is not used for the FM tubes (tubes III, IV and V), since it offers no

advantages for these tube designs.

The diameter of coupled cavity circuits can be substantially reduced

by dielectric loading of the cavity, resulting in a major weight re-

duction of the circuit. Extensive cold tests with dielectric load-
ing have shown that such diameter reductions can be achieved without
any sacrifices of the interaction impedance. However, the dielectric
loading of the coupled cavity circuit introduces dielectric losses in

addition to the ohmic losses. At low frequencies (up to 2 GHz) both
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of these losses are extremely small and their effect on the efficiency.
isvnegligible. These losses increase with frequency. The ohmic loss
increase is proportional to the square root of the frequency, but the .
dielectric losses increase in prqportion with the frequency, as illustrated
in Figure 31  for alumina loading. At high frequencies the diameter and
weighf reduction due to the dielectric loading is accompanied by a degra-
dation of the efficiency due to the increased losses. Only the low
frequency tubes (850 MHz and 2 GHz) are therefore designed with dielectric
loading. The dielectric loading becomes more effective with a targer
value df the dielectric constant. This is illustrated in Figure 32 with
the estimated weight reduction as a function of the dielectric constant.
Alumina has therefore been chosen as the dielectric 1oading material.

This material is frequently used in vacuum tubes; it has a large value

of the dielectric constant (¢ = 9) and its losses are very low.
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Figure 32 Estimated weight reduction of coupled cavity

. tubes by dielectric loading.
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" €. HIGH EFFICIENCY DESIGN WITg VELOCITY RESYNCHRONIZATION

Generally, there are three steps in the process of energy conversion
from the dc energy of the power supply to the RF output energy of a

.traveling-wave tube:

1. The acceleration of the electron beam to a specified level of
kinetic energy. This is primarily an electron optical problem
in designing the electron gun and the beam focusing and is

generally well in hand.

2.  The basic energy conversion process of the traveling-wave tube,
In this step the RF signal to be amplified produces a traveling
electromagnetic wave in the slow wave structure which interacts
with the electron beam. The electron beam becomes modulated and
a part of its kinetic energy is converted into RF energy of the

signal wave.

3. The kinetic energy of the spent beam is reduced by depressing the
collector potential below that of the slow wave structure. The
electrons are decelerated and the beam is collected at a lower
kinetic eﬁergy. The resultant electrical energy recovery provides

additional efficiency improvement,

The efficiency of conventional traveling-wave tubes is found to be
limited to approximately 45%, assuming a conventional single stage
collector is used, and provided that allldesign parameters are opti-
mized., In this case, the overall efficiency was found to be practically
independent of the (basic) conversion efficiency. A higher basic effi-
ciency will therefore permit a small efficiency improvement with collec~-

tor depression than a lower basic efficiency.
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Previous studies have shown that the conversion efficiency of traveling-

wave tubes can be substantially increased by using velocity resynchroniza-

tion between the modulated beam and the circuit wave at large signal
levels, This method will therefore be used for the tube designs, 1In
previous investigations1 it was found that the velocity taper method

(of the circuit) and the voltage jump method (of the beam) can be
combined into one tube, resulting in a higher efficiency than is pos-
sible with either a voltage jump or a velocity taper alone. This scheme is
illustrated in the velocity profiles of Figure 33. This circuit uses

a velocity taper with a velocity reduction v, to

1

This combination resulted in a conversion efficiency of 537 without
depression and 62% with collector depression. It had been intended to use
this efficiency design approach for the tubes. However, it was found
that this approach was not as effective for very narrow bandwidth
circuits, such as some of the tubes considered here. The high fre-
quency tubes at 8 GHz and 11 GHz (tubes IV and V) yield a rather high
interaction impedance and a very high efficiency improvement with a
voltage jump technique, but no further efficiency improvement due to
the velocity taper method. Detailed computer evaluations showed,
however, thatbefficiencies of 70% to 75% can be achieved with these
methods for all tubes at saturation. Optimization of the design would
have probably resulted in even higher efficiencies, but theoretical
studies with the large signal computer program have provided a new

and superior efficiency ephancement scheme referred to as multivoltage

jump taper, which is used for the efficiency enhancement design for
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the tubes. This method is uniquely suitable for the coupled cavity
circuit structure. It uses a series of voltage jump cavities, such

that a gradual voltage increase is applied in the efficiency enhance-~
ment section as illustrated in Figure 34 and 35. This scheme is there-
fore the equivalent to a multi step velocity taper. In this scheme, how-
ever, the average electron beam velocity is gradually reaccelerated to
maintain synchronism between circuit wave and beam modulation. The
interaction impedance is not reduced as in a velocity taper (for
coupled cavity circuits) and this resynchronization method is therefore

more effective,

P out
Pin

!
MULT! VOLTAGE _J
JUMP TAPER
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re— DRIVER SECTION —dmtes-
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Figure 34 Schematic of multivoltage jump taper tube,
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Moreover, the increasé of the beam potential with this method reduces
the degrading effects (velocity spread) of the beam space charge, and
better beam bunching can be maintained. This manifests itself generally

in higher values of the fundamental beam modulation current.

The tube designs with this scheme resulted in higher efficiencies than
was possible with the previously considered methods, assuming the same
collector configuration, The over#ll efficiency is then generally approxi-
mately 3 to 6 percentage points higher, or in the range of 757% to 80% for
all tubes. ’ '
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In comparing this new method with the previously considered schemes,

several important advantages become apparent:

1.

3.

A higher conversion and overall efficiency can be achieved.

The beam voltage and therefore the beam power is considerably
increased in the multivoltage jump section. The design approaah

is flexible with respect to the choice of the voltage increase. A

total voltage increase by approximately a factor of 2 was chosen, or

This substantial beam voltage and power increase has several

significant advantages:

a. The beam power in the driver section and gun can be lowered,
A lower wvoltage or a lower current (perveaince) gun design
can therefore be used, resulting in a more reliable gun
with longer life capability, For grid modulated tubes

(tubes I and I1) the grid power dr ve can be lowered.

b. The lower beam power makes the focusing requirements of the
driver section easier, but more importantly, the focusing
of the multivoltage jump efficiency enhancement section can

be much better due to the substantial voltage increases with

resultant reduction of the space charge densities, For solenoid

focused tubes (tubes IV and V) this will provide significant

solenoid power reductions,.
Since the voltage increase is applied gradually over a number of

coupled cavities, the voltage gradient in one cavity can be lower

than with a single voltage jump circuit, where the total voltage
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increase is applied on one cavity only. Tubes of this design can
therefore be considered more reliable, especially at frequencies

in the X and Kufbandé, where the voltage gradients are generally

- high due to the smaller: tube dimensions.

The basic design considerations (insulation and choke design) for
multivoltage jump cavities are the same as for a single voltage

jump cavity circuit,

The multivoltage jump circuit has considerable flexibitity with
the voltage adjustments and therefore it is likely that optimum

efficiency performance can be achieved, This is not the case

with the velocity step taper or the single veltage jump method, where

the section lengths are extremely critical for optimum efficiency
enhancement, especially when narrow bandwidth circuits with high
interaction impedances are used. It may therefore be rather dif-
ficult in this case to attain the predicted efficiency with a
practical circuit, since the section lengths are restricted to

multiples of one cavity period.

MULTISTAGE COLLECTOR DEPRESSION

Conventional Depressed Collector Operation -

The efficiency of conventional traveling-wave tubes can be signi-
ficantly improved by collector depression. The collector is elec-

trically insulated from the circuit or body of the traveling-wave

tube and is operated at a positive potential less than that of the

circuit or body. Thus, the spent beam electrons are decelerated
and the kinetic energy of the beam is reduced at the collector.
This results in a power saving. This process is limited by the
inherent velocity modulation of the spent beam. A part of the

kinetic beam energy, which serves as the energy source for the
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traveling-wave tube, is converted into RF power in the interaction
region. As a result, the spent electron beam will have a velocity
spread and its average velocity will be reduced. When the collector
potential is depressed to a greater degree than the coerSponding
velocity of the slowest spent beam electrons, these electrons have
insufficient energy to penetrate into the collector. Therefore,
their flow will be reversed. Backstreaming current is then initiated.
Such backstreaming is generally undesirable. Not only will it defeat
the power saving purpose of collector depression, but it may also
produce an excessive thermal load on the circuit. It may also inter-
fere with the RF performance and cause instabilities. The maximum
useful collector depression is then limited by the velocity spread

of the spent beam,

There are effects other than the velocity spread of the spent beam
which can also cause undesirable backstreaming from the collector.
it can be caused by space charge blocking of the depressed beam,

, 6,7,8
or by magnetic mirror effects, °'°

However, by the far the most
important source are secondaries produced on the collector surfaces.
Their number is rather large, since the secondary emission more than
equals the number of the electrons of the striking primary beam,
Thus, the stricken collector surfaces resemble a hot cathode emitter.
With a depressed collector, the electrostatic deceleration fields
serve as an acceleration field for the secondaries which may be
pulled out of the collector in great numbers by these fields and

thus render the collector depression ineffective,

Conventional depressed collectors can be designed such that these
effects are small compared to the‘velocity spread effects. Space
charge blocking and magnetic mirror effects can be kept small by
minimizing the potential depression of the beam space charge in

the collector region and by magnetically shielding the collector
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region so that the rotational beam energy is small in this region.
Backstreaming of secondaries can be avoided if a collector is

designed such that the beam stricken collector surfaces are removed

. from the collector acceleration (declerétion)‘fields.'

The design analysis of a depressed collector, were these effeécts
are minimized requires therefore to determine the collector trajec-

tories of the spent beam.

Double Stage Collector Depression for Travelinngave Tubes with_

Velocity Resynchronization

The velocity modulation (velocity spread) of the spént beam is
relativély small in conventional traveling-wave tubes and a signi-~
ficant reduction of the spent beam kinétic energy can therefore
be achieved with conventional depressed collectors, However for
tubes which are designed for high electronic (basic) efficiency
the velocity spread of the spent beam becomes large and hence the
efficiency improvement with a conventional depressed collector

is then émall.

This is especially true for traveling-wave tubes with velocity .

.resynchroniéatioh (voltage jump or velocity taper), which achieve

very high electronic (basic) efficiencies. 'The velocity modulation
of the spent beam in such tubes becomes so large that collector
depression with a conventional collector is no longer possible

without backstreaming of beam current into the circuit section.1

In such tubes the average kinetic energy of the spent beam is

substantially reduced, while the energy spread of the spent is

also very large. The velocity of some beam electrons will there-

fore be close to zero as illustrated in Figure 2 and 36.
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Figure 36 Spent beam energy distribution and collector

depression for high efficiency tubes.

Multistage c¢ollector operation, however, will provide additional effi-
ciency improvements for such tubes, The’simplest version of a multi-
stage collector is é double stage collector where the beam is collected
in two stages at two different potentials.  This requires a sorting of
the spent beam in two velocity groups so that the faster beam electrons

are depressed further in the second collector.
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One simple double stage collector configuration is shown schemati-
cally in Figure 3. This design consists of a coaxial collector
assembly, where the velocity separaﬁion.is intended to ocecur in

."radial direction.

Radial velocity sortihg of the spent beam is attractive because
the spent beam is already in a radially presorted condition at the
output due to the interaction mechanism of the traveling-&ave tube.
At large signal levels a radial velocity distribution is observed
in the beam cross section such that the axial eléctron velocity
becomes slower with increased rad‘iué.9 This is primarily caused

by the.circuit wave acting upon electrons with larger radii..-

The spent beam is also exposed to strong radial defocusing fields
frame the circuit wave at the output coupler. This causes radial
deflections of the beam’trajectories,lo which are larger for the

slower electrons toward the outer boundary of the beam. Since the

‘The spent beam is also exposed to strong radial defocusing fields which
frame the circuit wave at the output coupler. This causes radial
deflectioné of the beam trajectories,10 which are larger for the

slower electrons;tdward the 6uter boundary of the beam. Since the
| magnetic focusing field is generally terminéted near the output coupler,
the spent beam will exﬁand such that the radial velocity sorting of the
spent beam is increased. The electron trhjectories are also exposed to
the radial deflection forces of the beam space charge and of the electro-

static collector deceleration region, rsulting in enhanced radial vel-
ocity sorting.

The slower electron group is deflected radially outward more than
the faster group, so that it will be collected at the outer (first)
collector at a higher potential. The faster électrons are deflected
less and remain in thg inner core of the beam. They can penetrate

into the smaller second collectof} which is more depressed,
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Double stage collectors for velocity resynchronization tubes offer

the advantage of being designed with the potential of one collector
stage undepressed (or grounded). The design, therefore, does not
differ from that of a single stage collector (See Figure 3)., 1In
concept it has all the advantages of a double stage collector, since

a significant part of the spent beam is collected at the undepressed
collector stage.

Efficiency improvements ol about 25% (factor '.25) compared to the
grounded collector operation have been typical for velocity resynchroni-

zation tubes with double stage collectors.

Multistage Collector Depression

For traveling-wave tubes with very high electronic (basic) efficiency
and thus with a very large velocity spread of the spent beam multi-~

stage collector depression becomes more effective.

The spent beam is separated into a number of velocity groups, and
each of these velocity groups of the beam is individually decelerated
by a maximum possible amount and collected at its collector stage,
The faster part of the beam current is therefore more decelerated,
when it is collected, than the slower part of the spent beam. This
makes it possible to achieve additional efficiency improvements with

an increased number of collector stages.

It is a difficult task, however, to accomplish an effective separation
of the spent beam electrons in&o a number of energy groups for multi-
stage collector depression, This is primarily because the.velocitz
sorting mechanism being used is subject to deficiencies leading to

errors of the velocity sorting. It is possible to define such errors
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in terms of a sorting 9sﬁarpness" sﬁehﬁthat the separation of two
energy groups is accomplished over a finite kinetic energy range dvk
rather than at a discrete energy level Vk. 1f the "sorting sharpness'

is expressed by

k

S, = -

k -AVK
where ANk = energy range of velocity group k, one can conclude that

the shorting sharpness S should be small. in order for the velocity

sorting of collector stage k to be effective.

Since the individual energy ranges AVk of the velocity groups become
smaller with a larger number of collector stages, the sorting sharpness
will deteriorate. Therefore, there is a practical limit to'the number.
of useful collector stages and to the associated efficiency improvements

due to velocity sorting deficiencies.

It is for this reason that attempts to develop multistage collectors
for conventional traveling-wave tubes with more than two stages have
not been very successful in the past. For traveling-wave tubes with
velocity résynchronization however thevvelocity spread of the spent
‘beam is . significantly largerAthan for conventional tubes (Figure 2)
and the useful number of collector stages should be higher,; assuming
the same sorting sharpﬁess as for conventional tubes. It should
therefore be possible to design a three-stage collector for such
tubes with the same sorting techniques as the two stage collectors

of conventional tubes,

The state of the art for spent beam velocity sorting methods has

not yet been advanced. If improved velociti sorting schemés can

be developed, it should be possible to design multistage collectors
wifh more than three useful collector stages for advanced efficiency

tubes.
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In addition to the problems of an effective velocity Bortihg‘scheme,
the design of multistage collectors has also been concerned with
other problems and limitations. These are backstreaming secondary
electrons, residual space charge potential energy, and residual

rotational energy.

Of these, the problem of backstreaming secondaries presents by far

the most severe limitation to the design of multistage collectors.

A large number of secondaries is produced on the collector surfaces
by the impinging primary electron beam. The secondary emission
coefficient is in the order of one for most metals, and, therefore,
the collector surfaces resemble the hot emitter surfaces of a cathode,
These secondaries can easily be accelerated and then be collected at
higher potentials, thus degrading the efficiency improvement of a
depressed collector. Secondary emission can be somewhat reduced

by the use of collector surface materials with a smaller secondary
emission coefficient, Carbon and titanium have been used in the

past with moderate success. Carbon is a poor thermal and electrical
conductor and thus it is very restricted in its power handling capa-
bility, this material also has adherence problems when attached to

a metal scructure., Titanium ( = .9) achieves only a small reduction
of the secondary emission compared to conventional collector metals.
There are, however, more effective electron optical methods to reduce

or eliminate backstreaming of secondaries.

Residual Space Charge Potential Energy

Electron beams of high power tubes usually have a fairly high space
charge density, especially for tubes with velocity resynchronization.
In this case the average velocity of the spent beam is considerably

reduced due to a large account of energy extraction, and due to a
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higﬁ degree of beam bunching in such tubes. An accummlation of
space charge has potential energy, which has been derived from the
kinetic energy of the beam., An electron beam with high space chéfge
density will thus be slower and hence can not be decelerated as much.
: Moreoﬁer, such beams are known to suffer flow instabilities even
before the decleration limits are reached7 ("Space Charge Blocking").
It is, therefore, common practice to let the beam expand in the col-
lector region. It is then generally possible to keép'the space

charge potential depression small.

Residual Rotational Energy

The presence of magnetic fields force the electron trajectories

into a spiralling motion, and, therefore; some of.the kinetic energy
of the beam is rotatibnal, at the expense of translational energy.
The beam is slower and can not be depressed as much ("Magnetic Mirror
Effects"). Good magnetic shielding of the depressed collector region
is therefore generally desirable., 1In the transition region where

the magnetic focusing fields are terminated, the rotational beam
energy is. reconverted into translational kinetic energy. For ideal
UBrillouin flow" focusing;(cathode-maguefically shielded), the rota-
tional energy is converted into a corresponding increase of the

axial beam velocity. With "confined flow" focusing (a portion of

- the magnetic focﬁsing flux penetrates the cathode surface), the
rotational energy is converted into translational energy with a
radial and azimuthal velocity component. This manifésts itself

as a radial deflection of the beam contour.

-Velocity Sorting of the Spent Beam

In a multistage collector with N stages, the spent beam must be
separated physically into- N velocity groups such that each velocity
group contains all beam electrons;within a specified energy range.
For each velocity group which has been removed from the beam, a

velocity sorting processi:has taken place, and, therefore, there
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are N velocity sorting processes required for N collector stages.

It éan be shown that there is an optimum partition of energy levels

which separate two adjacent velocity groups. This optimum partition
of velocity groups depends on the specific velocity distribution of

the spent beam and the number of required collector stages.

Velocity sorting of modulated electron beams is generally accomplished
with a radial or transverse deflection scheme, For slower electrons
the deflection is stronger and therefore the radial or transverse
displacement for these electrons 1is larger, resulting in a radial

or transverse separation of the velocity groups. The effectiveness

of such velocity sorting schems is contingent on the absence of radial
velocity components of the spent beam trajectories at the entrance into
the deflection device, However, the assumption of a parallel flow
spent beam is idealized. Generally the spent beam trajectories
deviate from a parallel flow, resulting in sorting errors, such

that a fraction of higher energy electrons is sorted into the "wrong"
velocity group (with lower kinetic energy) and these electrons are

not as much declerated as they could be.

Radial velocity components in spent beam trajectories are induced by
RF defocusing fields, by focusing deficiencies, and by non-laminar
flow conditions. Non-laminar flow is generally caused by imperfect

beam launching conditions from the gun into the focusing field.

Good multistage collector performance requires therefore high quality

focusing and good beam launching conditions of the gun.

The design of multistage collectors has to incorporate several func-

tions: Velocity sorting, collector deceleration and suppression of
backstreaming secondaries. There is a variety of schemes conceivable
for each of these functions. Frequently these schemes combine several

functions into one.

81



For velocity sorting the following schemes are feasible:

radial electrostatic sorting
transverse electrostatic sorting
transverse magnetic sorting

combination of transverse electric and magnetic sorting.

Collector deceleration is generally achieved with a combined axial

and radial electrostatic deceleration field, however, transverse

electrostatic deceleration is possible also.

The simplest method for the electron optical suppression of back-
streaming secondaries uses electrostatic shielding of the collector
interception region. .The application of this method for multistage
collectors is rather restricted and more advanced methods, such as
electric or magnetic field suppression havelto be used. These
methods take advantage of the very low kinetic energy (~ 20 eV)

of most of the secondaries. Electric field suppression provides

an electrostatic potential barrier, while magnetic field suppression
uses a transverse magnetic deflection field in the path of the

secondary trajectories,

" Effective multistage collectors with more than two stages have
not yet been developed for high efficienty tubes. Several design
épproaches are available, but ¢f particular interest is the design

concept for double stage collectors (Figure 3).

" These collectors use radial welocity sorting and secondary suppression
by shielding. Radial velocity sorting appeared particulary attractive
for these collectors since the spent beam is already in a radially

presorted condition as a result of the RF interaction (D2).
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Whep this design concept is applied to a triple stage collector a
configuration as shown in Figure 37 is obtained. Secondary suppres?
sion of this triple stage collector is in the first and second stage
by electric field suppression (as in the first stage of the double
stage collector, Figure 3, however the secondary suppression of

the second stage will be less effective due to its snout configuration.

/ 4 s Z X - ',/:~, /,-’/ // -
oliieietes F , V, = Vo (GROUNDED)
” ' /
18! STAGE L] 2"sTAGE ~ |~ — 3" sTaGe (Vy) 2 Y
(v,) KA V2l PN -/ Vi< Vp
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Figure 37 Schematic of a triple stage collector with
radial velocity sorting.

The secondary suppression of the third stage is expected to be pro-
vided by shielding (as in the second stage of the double stage col-
lector Figure 3), 1t appears however, that adequate shielding can-
not be’achieved, because the third collector snout hole haé to be

rather large due to the very rapid beam spread.

Much better secondary suppression can be expected when electric

field suppression is used throughout all collector stages. An

additional electrode has to be attached beyond the last collector
electrode with the lowest potential. This field electrode is
conviently kept at cathode potential Vc' A schematic of such a
configuration is shown in Figure 38 for a four stage collector

with radial velocity sorting.
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Figure 38 Schematic of four stage collector with radial velocity

sorting and electric field suppression of secondaries.

The RF defocusing fields at the output coupler provide the initial
radial deflection,while the collector deceleration field completes

the radial velocity sorting.

It is desirable to provide a fairly uniform deceleration field in
the collector region in order to minimize lens effects which may
cause sorting errors.. This can be accomplished by placing the
collector electrodes, which have ﬁrescribed potentials, at their

respective équipotentials in the uniform field.
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The :aperturesvof' the collector electrodes are chosen ;'}a:gg“,_‘enougfjh o
to let the spreading beam péss thfdugh. The collection of the spent’
beam takes therefore place only at one side of the collector elec-
trodes. The electrostatic potential in front of the intercepting
collector surface becomes increasingly more negative with respect

to the collector potential,

The average kinetic energy Vs of the secondaries is very small,

in the order of

V. = 20 eV
]

The secondaries will therefore be reflected back to the collector
surface at a equipotential surface in the vicinity of 20 V below
the collector potential, This reflection surface will be very
close to the collector surface, so that the secondaries are prac-
tically prevented from ever leaving the collector surfaces. Only
secondaries from the aperture edges or from their close vicinity

may be able to escape and to produce backstreaming.

Although the radial velocity sorting scheme is convenfent in view
of the radial presorting mechanism produced by the beam interaction,
it is obvious that it is inherently deficient. This is because the
radial sotrting fields diminish toward the beam axis. The center
portion of the beam is therefore not exposed to the radial sorting

fields and cannot be properly sorted with the collector configuration
of Figure 38.

Uniform transverse electric or magnetic fields on the other hand
are capable of effective transverse velocity sorting, provided the
spent electron beam enters the deflection region in parallel flow.

Only magnetic velocity sorting however, will then provide deflection
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angles which are inversely proportional to the electron velocity,
With electric deflection a sorting error is introduced due to the
transverse energy gradient which is produced by the transverse

electric field.

Transverse magnetic deflection will therefore be used for the sort-.

ing design of all tubes. The spent beam, howeﬁer, is exposed to

the radial RF defocusing field at the output coupler and the result-
ant radial beam deflections can generate serious sorting errors for
a transversevsorting scheme, especially in high impedénce circuits,
where the RF fields are very strong. Such radially deflected tra-
jectories can be restored to parallel flow by magnetic refocusing,
at least for laminar beam flow conditions. This is accompiished

by adding a drift space beyond the output coupler, over which the
full magnetic‘focuSing field is maintained. In the drift space

the electron'tfajectories will scallop as a result of the radial

RF perturbation at the output couplef. If the drift length is
chosen to be approximately onme quarter (or a multiple of one quarter)

of the scalloping wavelength ks of the beam, as illustrated in

Figure 39.
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Figure 39 ‘Magnetic refocusing of spent beam,
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The beam trajectories will féach a maximﬁmwof their radial excursion
(radius r ) and the beam is 1n parallel flow at this point. If

the focu31ng field is termlnated at thlS point with the output

pole piece, the spent beam will leave the magnetic refocusing region
in parallel flow, even if the radial RF perturbation has been large.
In this case the magimum béam radius'rm will be much‘larger than the
beam radius r, in the interaction region. The scalloping wavelength
KS of the perturbed beam is related to the cyclotron wavelength of
an electron in a magnetic field, but it is considerably modified

by the space charge effects of the beam.11

The same magnetic refocusing procedure is appliCablevwith periodic
magnetic focusing as well, because a PPM focused beam will also
exhibit a scalloping of the beam trajectories when exposed to a
radial perturbation. 1In practice one additional magnet period
with a modified length will be sufficient for the beam trajectories
to reach a maximum radius with parallel flow at the terminating

pole piece.

The velocity sorting scheme to be used for the tubes consists of

a transverse magnetic deflector, followed by the electrostatic

collector deceleration region, where the velocity sorting is
completed. The deceleration region is magnetically shielded to
avoid magnetic mirror effects. The magnitude of the initial
magnetic deflection angle should be small in order to keep the
transverse kinetic energy component small, since this component
‘will not be extracted in the axial decelerator. With small deflections,
however, a deceleration with large dimensions will be required, and the
sorting errors due to non-parallel beam entrance conditions will be
relatively large. An optimum choice of the deflection angle can only

be made if the beam entrance conditions are known.

For the deflectors of the collector designs a deflection strength

corresponding to that of the radial defocusing fields was chosen,
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The deflector consists of a constant magnetic field BT’ which is
produced by a pair of external magnets as illustrated in Figure 40.
The deflection length Zm is determined by'the magnetic deflection

field B, and the required deflection strength.
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Figure 40 Magnetic deflection of the spent beam.

The decelerator following the deflector uses a uniform deceleration
field to minimize sorting errors due to lens effects and electric

field suppression as described for the collector configuration with
‘radial velocity éorting (Figure 38), requiring one additional decelera-
tion electrode of cathode potential Vc' The collector configuration

is shown schematically in Figure 41 for a four stage collector. The
collector apertures are designed large enough to let the deflected
beam pass through, so that the beam collection can take place only

at one side of the collector electrodes. This assures electric

secondary suppression except for the aperture edges,
The collector electrodes with their prescribed potential are positioned

in the deceleration field at their respective equipotentials to achieve

uniformity of the deceleration field,
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Figure 41 Schematic of four stage collector with transverse
velocity sorting of spent beam and electric suppression
of secondaries.

The choice’of the respective collector potentials for optimum
efficiency improvement depends on the kinetic energy distribution
of the spent beam for each of the tubes. This energy distribution
is obtained by the large signal computer analysis and an optimum
choice of collector potential (for a given number of collector

stages) is derived, for which maximum efficiency improvements are

a0



obtained, assuming no sorting errors and no secondary backstreaming

The energy seperation levels and the respective deceleration magni-

tudes are indicated schematically in Figure 42.
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Figure 42 Optimum velocity sorting of spent beam.

It is possible to take imperfect velocity sorting into account,

as well as partial secondary backstreaming. It was found that

the useful number of collector stages is reduced, when such

deficiencies are taken into account.
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E. GUN AND FOCUSING

1. Gun

The life expectancy of a traveling-wave tube is primarily determined

by the cathode and to some extent by the gun design. The electron beam
will be produced by a conventional Pierce type convergent gun.12 These
types of gun designs have been used for a long time for traveling-wave
tubes. Their design techniques have continuously been improved and
very high quality beams can now be produced with these guns over a large
range of perveances, voltages and beam compression ratioes. A high
quality beam with a low percentage of translaminar electron trajec-
tories is important to achieve good beam transmission. Good beam
transmission is essential for the effectiveness of the depressed col-~
lector,especially with many stages. Good beam transmission is also

important for long tube life.

The beam compression ratio also has an important effect on the tube life,
since it determines the cathode loading (current density on the cathode).
The cathode loading must be small for a long cathode life. The beam
area compression ratio has therefore been chosen high enough to keep

the cathode loading ic to less than

. 2

i < 500 mA/cm” -
With this limit for cathode loading, long cathode life can be achieved even
with oxide coated cathodes. This is of concern for the 8 GHz and 11 GHz

tubes (tubes IV and V), while the low frequency tubes required a much

lower cathode loading even with small area compression ratios.
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2, Focusing

Traveling-wave tubes employ either permanent magnets, periodic permanent
magnets, or solenoid magnetic focusing, while'pefiodic electrostatic
focusing has never been successful fdr thése tubes, especially not for
tubes with long life requirements or high power levels. This is primarily
because electrostatic focusing generally does not achieve the high quality
of beamifocusing that is ow possibie with magnetic focusing. The’electro-
static beam focusing is less stiff and tends to easily'beéome unstable

when perturbed.ll’13

Permanent magnetiec focusing is used in a number of low and medium power
traveling-wave tubes. However, in coﬁparing it to permanent periodic
magnetic focusing, this method requires much larger and heavier focusing
structures, especially for low frequency tubes, This method is also more
restricted with respect to the maximum field strength.which can be pro-
duced. The maximum available focusing field is approximately %00 gauss14
‘with presently available materials. This limitation excludes this technique

to be used for most high power high frequency tubes.

Periodic magnetic focusing is generally used for high reliability space

tubes with very long life. This type of focusing is readily adaptable
for high power couple&'cavity tubes, where it is also frequently dsed.
Since PPM focusing'is much smaller and fequires much less weight than a
solenoid, which also needs additional power, PPM focusing is usually
preferable to solenoid focusing from the efficiency point of view. This
conclusion has to be qualified, however. Figure 43 shows schematically

the PPM configuration with the coupled cavity circuit.
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Figure 43 Schematic of PPM focusing structure
for coupled cavity circuit.

The pole piece is thus integrated into the coupled cavity and the focusing
period (L) is tied to the cavity period. For large bandwidth coupled
éavity tubes the coupling slot width has to be large and may cause a
perturbation of the magnetic symmetry of the magnetic circuit, which
results in undesirable transverse perturbation fields on the beam. 1In
this case the double period focusing system is generally used, shown in

Figure 44,

This double period system has been found to eliminate such transverse
perturbation effects, while its focusing performance and stability are

identical to the single period system (Figure 43,

These focusing structures provide excellent beam focusing; however,
the beam contour exhibits inherently a ripple with this focusing
method, which has half the focusing magnet period. This beam ripple
can be rather small, when the electron optical launching conditions of
the gun into the focusing field are optimized. These launching
conditions can readily be optimized, prowided the gun, and especially

the cathode, is magnetically shielded.
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The PPM focusing method, due to its periodic field configuration,
" has stability limitations. The beam focusing will break down when

the stability limits are reached. The stability limits can be

Ap

arameter, where
L p

expressed by fhe

ANp = Plasma wavelength of electron beam

and .

t
i

magnetic focusing period.

It can be shown that the focusing stability for a beam in "paraxial"

approximation (Mathieu-type equation) is limited by

Ap .
[1‘] min > 1.3 (paraxial theory).



, . A \ s
In practice, however, it is found that larger —% values are required

to achieve stablé PPM focusing. Good focusing is generally obtained

for

'[%R] > 2 (empiricél).
min

For very high efficiency tubes, however, the high degree of beam bunch-
ing and 1arge velocity reduction of the beam with RF has to be taken

A
into account. This will substantially reduce the ER value with RF,

and stable focusing with RF is only assured when an adequate design
p .

I is provided.

margin for

This requirement imposes a restriction on the design of the coupled
cavity circuit with PPM focusing. In order to keep &% iarge enough,

it may be necessary to incréase Ap by increasing the beam voltage and
reducing the beam current (thereby reducing beam perveance). Such a
design change will increase the tube length and it may not be consistent

with an optimum efficiency design. In this case solenoid focusing has

to be considered too, since it does not restrict the coupled cavity
circuit design. Due to the absence of pole pieces in the structure,
the thickness of the cavity walls (“"webs'") can be smaller, resulting

in a higher interaction impedance.

Solenoid focusing for high efficiency tubes is generally designed for
"confined flow." 1In this case a large portion of the magnetic beam
flux is allbwed to penetrate the cathode surface. This will require
a higher magnetic field, but the resultant beam focusing is then very
stiff, and superior beam focusing can be achieved. For an assumed

relative magnetic cathode flux Kc of

K = .85
c
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the magnetic field B has to be
B = 2Bo

With
B = "Brillouin" field.

This focusing condition has been assumed for the solenoid focusing

design.

Recent strides in very light weight high performance solenoid design’ for
airborne high power tubes (at the 2 kW CW power level at S-band) have

been made at the Hughes Elgctron.Dynamics Division. This was accoﬁplished
by developing meﬁhods of winding the solenoid directly on>the tube body
("wrapped- on solenoids"), The innrer core of the solenoid is then reduced .
' to a minimum and a considerable reduction of the solenoid weight, size

and power conéumption is achieved. These new solenoids are not much
larger than an equivalent PPM system: for a beam power of 10 KW and 12 dB

gain a focusing power of only 300 watts was required.

These solenoids can be designed for either minimum weight or minimum
power consumption. In the first case, aluminum is the preferable foil
material; in the latter case copper is preferable. It is possible to arrive
at an optimum solenoid design by using the equivalent power - weight conversion
of - ‘

100 1bs/kW .

The equivalent weight of the power supply and the solenoid weight can be
calculated as a function of the solenoid outer diameter. The total weight
will then exhibit a minimum at an optimum solenoid outer diameter as

indicated in Figure 45,
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Figure 45 Equivalent total weight of solenoid.

Comparison of PPM Focusing and Solenoid Focusing

All tube designs were evaluated both for PPM focusing and solenoid focus-
ing, taking stability criteria into account. The total equivalent weight

for both focusing versions was evaluated, comsisting of:

weight of the circuit
weight of the focusing structure (solenoid or PPM focusing structure)
equivalent weight of the solenoid power supply

equivalent weight of the tube power supply

using the power-weight conversion factor of
1 watt = ,1 1bs.

The weight of the gun and collector are not included since these can be

considered equal for solenoid and PPM focusing.
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It was foﬁnd that the 850 MHz and 2 GHz tubes (tubes I, II, and III)
resulted in a lower total weight with PPM focusing, while the 8 GHz

and 11 GHz tubes with PPM focusing suffered significant efficiency
reductions and required therefore a highér equivalent total weight

than the solenoid focused versions. It should also be mentioned that
PPM focusing for these frequencies (8 GHz and 11 GHz) and the power
levels (5 kW CW) is not yet within the present state of the art, and
these PPM designs could not yet be consid ered reliable for long life
operation., Solenoid focusing, on the other hand, is generally superior
to PPM focusing and well within the present state of the art for these

higher frequency tubes,
The 850 MHz,. 2 GHz AM and 2 GHz FM tubes are therefore désigned With

PPM focusing with axial ringmagnets, while the 8 GHz and 11 GHz tubes

are designed with a wrapped-on copper solenoid.
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F. HIGH EFFICIENCY AM SIGNAL AMPLIFIER WITH TRAVELING-WAVE TUBE MODULATOR

The amplifiers for AM signals (850 MHz and 2 GHz) are designed with the
traveling-wave tube modulator concept, which permits linear AM signal
amplification with very high efficiency. This is in contrast with con-
‘ventional amplifiers for AM signals. These amplifiers must be operated
well below saturation in order to avoid distortions and to achieve the
required phase and amplitude linearity. The amplifier will then be very
inefficient, especially at low modulation amplitudes. Conventional
(single stage) collector depression will improve the efficiency, but
this improvement is impaired by the inherent velocity spread of the
spent beam, which is significant even at low signal levels. Therefore,
it is not possible to achieve good depressed collector efficiency with

a conventional traveling-wave tube amplifier operating below saturation,

as is required for the amplification of AM signals.
The advantage of the new concept is:

1. traveling-wave tube amplification of AM signals with

very high efficiency is achieved

2. the efficiency remains high over the specified dynamic

range of the AM signal.

This is accomplished by wvarying the beam current of the traveling-wave
tube modulator in proportion to the signal level, so that the tube
operation remains near saturation over the dynamic range of the AM

signal.

However, since the new scheme is useful only for AM signals with
greatly varying amplitudes, the FM modulated signal for audio, which
has a constant magnitude, must be removed from the AM signal with

filters and be amplified separately as indicated in Figure 46. The
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Figure 46 Separation of FM audio signal from AM signal.

required power levels for the FM audio signal are considerably lower
than the required peak AM power levels (750 watt for 850 GHg, 500 watt
“for 2 GHz), it is therefore possible to design the amplifiers for the
FM audio signal with a highly efficieﬁt;.light weight helix tube.’

Both thé FM audio signal and the AM signal can be recombined with a

power coupler into a common antenna feed.

In the AM amplifier chain it is required to remove. the amplitude modula-
tion from the carrier, to amplify -the demodulated carrier signal with a
preamplifier, and to add the amplitude modulation back on to the ampli-
fied carrier signal with the traveling-wave tube modulator. Both the
preamplifier and the TWT modulator can be designed for high efficiency,
so that highly efficient amplification of the AM signal is obtained, 1In
addition, circuitry can be added to achieve a high degree of amplitude

and phase linearity of the output signal.
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The following processes are provided for this purpose:

1)Separation of amplitude modulation and carrier signal
2)Amplification of carrier signal ’
3)Recombination of amplitude modulation and carrier signal

4)Amplitude and phase linearization.

1. Separation of Amplitude Modulation and Carrier 8ignal

This can be accomplished with a power splitter, a limiter for the carrier
signal, and a detector for the modulation signal as indicated in Figure 47.

The limiter is designed to provide a constant level of the carrier frequency
(fo) signal, which drives the carrier signal preamplifier. The maximum
available carrier frequency level is then determined by the lower amplitude
modulation limit S2 (Figuré 47) . For double sideband AM signals it would

be possible to generate the driver signal for the carrier signal preamplifier
by an independent oscillator, which generally can be a solid state device with
iow power consumption. In this case the power splitter and limiter (Figure 47)
could be eliminated and the available input power for the modulatién signal

chain would be twice as large.

For vestigial AM signals, however, this is not permissible. Such signals
carry also a phase modulation signal,in addition to their AM signal, which
must be preserved through the AM amplifier chain.

The modulation signal drives the grid of the TWT modulator. It will gener-
ally be necessary to provide a modulation amplifier and a dc grid bias vol-

tage to achieve the desired grid voltage for the TWT modulator.

A schematic of this scheme is shown in Figure 48,
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Figure 48 AM amplifier chain with traveling-wave tube

modulator,
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2, Amplification of Carrier Signal

The preamplifier is designed to boost the demodulated carrier frequency
. G

signal 82 to a specified level P

9 such that

P2 (dB) = PZ (dB} + Go (dB).

where
P, (dB) = power level of demodulated signal S,
G0 (dB)’= specified gain for AM signal.

. B 1
The input and output power levels PZ and_P,2 of the preamplifier do not

vary. Therefore the preamplifier can be designed to operate at satura-
tion and with high efficiency.~ The required output power levels for

these preamplifiers are low enough (75 watts for the 850 MHz amplifier
and 50 watts for the 2 GHz amplifier) to use highly efficient PPM‘focused

light weight helix tubes for these preamplifiers.

2l

3. Recombination of Carrier Signal and Amplitude Modulation

The amplitude modulation is added back on to the carrier signal with the
traveling-wave tube modulator. The TWT modulator provides a variable
gain AGmi for the carrier signal with a'leVel’Pz, which is proportional
to the instantaneous relative modulation level A P, of the AM signal to
be amplified (Figure 49), or

VAN Gmi (dB) = A Pi (dB).

The instantaneous gain of the TWT modulator varies therefﬁre from
A‘Gm (min) =0
for the lowest level (Pi = PZ) of the AM signal (Figure 49), to

A G AP = 20 dB

m (max) =
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Figure 49 Instantaneous level of amplitude modulation.-

‘where A P (dB) = maximum value of the AM modulation (20 dB) correspond-

ing to the dynamic range ofbthe AM signal. The overall gain of the

system is therefore comstant with a value of 40 dB,” and the system

is linear, even though its components are not. This is shown schematically

in Figure 50.
The variable gain A Gmi of the TWT modulator is achieved by varying the

beam current Ii accordingly,while the beam voltage of the TWT modulator

is kept constant as in conventional traveling-wave tubes.
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Figure 50 Power characteristics with traveling-wave tube
modulator.

The beam current can conveniently be varied by a modulation grid near
the cathode of the gun. A variable grid modulation voltage Vgo’ which
is generated by the modulation signal (Figure48), will produce the
desired beam current variation Ii' At low modulation levels the beam
power will thus be small, and it will increase with the modulation
level. Therefore the TWT modulator will operate at or near saturation
over the entire dynamic range of the AM signal, and its efficiency

can be expected to be high for all power levels of the AM signal
(Figure 50),
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vThe pertinent design considerations for the modulation grid of the TWT

i modulator may be illustrated for several modulation levels (Figure 47},

The grid may either be a conventional modulation grid, or a shadow grid,
which has a substantially higher powér handling capability. This is

because the grid interception current'Ig of a shadow grid is extremely

small:

Ig (shadow grid) » .0005 Io

as compared to a conventional grid:

Ig (conventional grid) ~ .10 to .15 I0 with I0 beam (cathode) current.

For the case of the lower modulation limit P2 (Figure 49) the cor-
responding TWT gain has to be zero. However, this requires a small
beam current Io in the TWT modulator in view of the gain characteristics
‘ of a TWT at small beam currents. This (zero gain) beam current I0 is
supplied with a positive dc grid bias voltage Vgo as indicated in-

Figure 48.

For the upper modulation level limit P (Figure 49) the gain of the

traveling-wave tube modulator Ach'is required to be
AG_=AP =20 dB.
m

The traveling-wave tube modulator is to be'désigned to achieve this gain
at saturation so that its efficiency will be high. This will require a
beam current I, which can be produced with a grid voltage Vgl’ or, tak-
ing the bias voltage Vgo into account, a grid modulation voltage ANgl of

AV, =V -V .

gl gl go
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The gain of the modulation signal chain (Figure 48) must therefore be

adjusted to produce a grid modulation voltage of (Figure 50).

ANV, =0 for P, =P
g1 i 2

AV . = AV for P, =P .
gi gl i 1

For intermediate power levels Pi the required traveling-wave tube

modulator gain G ., is
mi

G, =
i ‘A Pi (dB)

corresponding to a beam current Ii and a grid modulation voltage Vgi

(Figure 51).

A BEAM CURRENT

CURRENT

j——AVgi ——
N
>
Vgo—s-jm- Avgi '
-Vg +Vg GRID VOLTAGE
Figure 51 Grid characteristics for traveling-wave tube
modulator.

107



4, Linearization

The amplitude linearity of the described AM signal'amplification depends

on how closely the required gain characteristics of the traveling-wave

tube modulator

AGmi = APi (dB)
are achieved over the dynamic range:of AP = 20 dB, - This is primarily
a function of the characteristics of the modulation signal chain. It
is possible to determine the resultant linearity deviations when the

" characteristics of the modulation chain are known.

The gain characteristics of the tfaveling-wave tube modulator have been
computed with the large signal COmpu;er program both for the 850 MHz and
the 2 GHz amplifiers as a function of the beam current, taking the beam

diameter variations with beam current into account,

These deviations from amplitude linearity are found not to be large,
and it appears possible to apply corrective circuitry in the moduldtion
signal chain tb linearize the power characteristics of the TWT modu-
lator. Such a compensation is possible in a number of ways. Two
possible'methods of gain equalization can be considered: a programmed

linearization scheme, and an automatic gain control method.

The linearizer method is shown schematically in Figure 52. A "linearizer"
is inserted to process the modulation signal in such a way that linear
gain is achieved with the traveling-wave tube modulator. The linearizer
provides, therefore, a modulator transfer characteristics which is a
function of the modulation signal level. It may be convenient to combine
the modulation signal amplifier and linearizer into one device as in-

dicated in Figure 53.
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Figure 53 Combined modulation signal amplifier and

linearizer.
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The automatic gain control system.is shown schematically in Figuré'Sé.
This systém'compares the AM signal levels of input and output of the

system in a gain comparator, which may be a bridgé-tyﬁe circuit.

The detected gain deviation signal of the gain comparator drives the
gain regulator, which provides a variable gain to the modulation signal.

The regulator gain is a function of the detected gain deviation.

LIMITER PREAMPLIFIER TWT MODULATOR -
Pout
o GRID Y
n :
- GAIN
DETECTOR REGULATOR
N
7
GAIN
COMPARATOR
Figure 54 Automatic gain control for traveling-wave tube

modulator,
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The traveling-wave tube modulator can not be expected to precisély repro-.
duce the phase relations of the original carrier signal in the amplifica-
tion process. This would be of no consequence for pure (double sideband)
amplitude modulation. For vestigial sideband AM signals, however, the

signal is phase modulated as well, and this phase modulation must be

preserved in the amplification process. Two requirements are therefore

imposed on the system for phase modulated AM signals:

1. The phase relations of the input signal must be reproduced for

the amplified output signal.

2, The recombination of the carrier signal and the amplitude modu-

lation signal at the modulation grid must be synchronized.
This can be accomplished with a number of phase linearization schemes
for the carrier frequency signal and a delay line for the modulation

signal chain. Two possible methods for phase linearization are:

1) Programmed phase compensation

ii)Automatic phase control -

The phase compensator method is schematically shown in Figure 55, A

phase shifter is inserted in the carrier signal line, which produces

a prescribed phase shift as a function of the AM signal.

An alternate method, using automatic phase control, is shown schematically

in Figure 56, The carrier signal phase changes from oﬁtput to input of

the system are compared in a phase comparator, which may be a bridge-type
circuit. The phase comparator produces a signal proportional to the phase
deviation between output and input. This deviation signal drives a phase

shifter which compensates for the detected phase deviation.
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Figure 56 Automatic phase control for traveling-wave tube

modulator.,
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The amplitude modulation is phase correlated with the phase modulation of

the carrier signal. It is therefore necessary in this case to reéesynchronize

the amplitude and phase modulation in the recombination process of the signal
in the traveling-wave tube modulator. This can be accomplished by making

the time delays AT and AT, of the carrier signal and modulation signal

1
chains from their recombination equal, or

AIO = Aml.
These time delays do not vary with time; therefore, a delay time in the

modulation signal chain will provide the required synchronism at the

recombination point (Figure 57).

ATy
CARRIER SIGNAL
LIMITER PREAMPLIFIER TWwWT MODULATOR
> Poyt
GRID
—-——@ DC- BIAS
Pin
. >
MODULATION SIGNAL
AMPLIFIER
DETECTOR DELAY LINE (ATo= AT, )
AT
Figure 57 Synchronization of carrier and modulation signal

branch for AM signals with PM.
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Bandwidth Considerations

In the discussion of the traveling-wave tube modulator method it was
assumed that the carrier is amplitude modulated with a siﬁgle frequency

fl (Figure 48 and 49). However, in practical\applicaﬁions the amplitude
modulation will extend over a frequency range Afl with a nonsinusoidal
modulation envelope as pictured in Figure 58. 1In order to preserve the
modulation envelope with .the described scheme, it is necessary to pre-

serve the phase relations in the modulation frequency rahge Afl ip.all
components and devices involved with the modulation. Such phase linearity
is generally obtained when the bandwidth Af, of the devices are considerably

d

larger than the frequency range Afl of the signals to be handled, or

>
Afd Aff

N 0
™
™

S2 (MIN)

> TIME

UL J\u

b

Figure 58 Multifrequency amplitude modulation.
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This concerns the filters, the detector, the modulation signal amplifier,
and the travelingfwave tube modulator, as well as any linearization de=-
vices. For AM with PM the limiter and preamplifier must also have adequate

bandwidth, as well as'the phase linearization device and the delay time.

In an Appendix the energy distributions for vestigial sideband signals
for television are analyzed. This analysis illustrates the significance

of vestigial sideband AM signals in a practiecal applicatien,

'G.  REMOVAL OF HEAT

The tubes generate waste heat, which is primarily produced at the collec-
tor and to a lesser extent, at the slow wave structure due to beam inter-
ception and circuit losses. This heat must be removed while the operating
temperatures are as low as possible for reliability reasons. The heat can

be removed in several ways:

1) heat source - heat conduction- radiation into space
2) heat source - heat conduction - heat pipe- radiation into space
or '

3) a combination of 1) and 2).

These approaches have to be evaluated with respect to the overall required
weight and size of the heat transfer systems, as well as the tube reliability
and life, such that prime considerations have to be given to the life and
reliability. The operating temperature is the most critical factor in

determining the reliability; it should be as low as possible .
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It has been.found that the coupled cavity temperature Tc at the ferrules
should not exceed 'I‘c = 350°C when PPM focusing is used and Tc = 400°¢
with a copper structure. The collector temperature should be below _
5009C in a closed system. When the operating temperatures of the tube
parts or components are excessively high, their outgassing rate becomes
large. This may lead to ionization in the beam area and the formation
of conductive coatings across ceramic insulators., Ioniéation can cause
damage of the cathode by ion bombardment and conductive coatings will

produce voltage breakdown,

The emissive power density as a function of temperature for various
thermal emissivities is given in Figure 59. From this figure the’
required area to radiate a given amount of power can be calculated.
Assuming a radiating surface emissivity of.8, we find that a radiator
with a temperature of 100dC would need 12,500 cm2 of radiator area per
1000 watts of dissipated power. A radiator operating at 400°C would
require 1095 cm2 of radiator area per 1000 watts of dissipéted power,
‘Assuming that different radiators are used for the circuit and the
collector, the heat transfer from the heat source (collector or cir-
cuit) must be accomplished with a low enough temperature gradient,

so that the specified temperature limits at the heat source are not

exceeded.

Higher collector temperatures would be permissible, when the collector

is not designed with vacuum seals, but with electric insulators (separators)
only, such that the vacuum seal is provided by a thermally transparent
envelope as shown in Figure 60. This system uses a low temperature dielectric
heat pipe cooling for circuit and gun, while the collector is radiation cooled.
The collector envelope cover would be removed in space to achieve space

vacuum pumping. This tube could be processed and pretested on ground,
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Figure 59 Emissive power as a function of temperature for
various thermal emissivities.
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since the thermally transparent vacuum envelope will protect the tube dur-
ing ground processing and testing. The ceramic insulators consist only of
ceramic separators leaving large gaps between different potential-collector
plates for maximum pumping. The circuit can be protected from the collector

heat by thiq foilrthermal insulators. ' This system appears to be quite pro-
mising for small tubes with a collector heat &issipat{on of up to 200 watts.

For higher power 1evels', however; this system could become rather bulky and
unreliable, at least at the present state of technology. For example,in the
850 MHz tube, the dissipated thermal power in the first collector plate is
approximately 1000 watts. Assuming a thermal emissivity of .8 at all
temperatures, the required collector diameter to radiate 1000 watts would

be:

TEMPERATURE COLLECTOR PLATE DIAMETER
500°¢ 16.4 cm (63.7 in)
700°%¢ 64.4 cm (25.4 in)
900°¢ 33.5 cm (13.2 in)

The diameter of the thermally transparent envélope, such as quartz or
sapphire, should be a least twice as large as that of the collector in
order to protect it against overheating and thermal stress fractures
during ground testing. In order to keep the size of.the envelope suf-
ficiently small, a radiating collector temperature of approximately
1000°C would be required. However at these temperatures the outgassing
rates would be too high even for space pumping and the tube operation
could not be considered reliable. An alternative for direct radiation
collector cooling would be to process and to activate the tube in space.
This technique, if at all possible, would require extensive equipment
for the spacecraft, and the mission reliability would be reduced con-

siderably.
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Heat pipe cooling apears to be the most: premising and relisble for the
high power levels of the tubes. Depending on the choice of radiator
temperature, two different heat pipe systems for the internal heat
transfer from the tube to the radiaﬁsr can be:designed, a low tempera-

ture or a high temperature system.

Low temperature heat'pipe systems use primarily organic liquidé, with
operating temperatures in the range of 100°C to about 4OOOC, while
high temperature heat pipe systems use primarily liquid metals, with
operating temperatures of approximately 500°¢c to 1000°C or even higher,
The high temperature systemé apbear more attractive. from a size and
weight point of view, since the radiator size can be much smaller for
higher radiation temperatures. Liquid metals also haﬁe'generally.better
heat transfer properties in such systems. Nevertheless, only low temper-
_ature heat pipe systems are: considered because of their expected superior
reliability and life potential. Low temperature systems can use dielec-
tric fluids and all tube components can be operated at a uniform tempera-
ture. Such low temperature heat pipe systems can be designed without the
‘édditional weight burden of a large radiator, since they can be designed

as an integral structural part of the spacecraft.
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V. ELECTRONIC DESIGN

A, BASIC CIRCUIT INTERACTION CONSIDERATIONS

1. Choice of Design Parameters

Detailed experimental15 and theoretica

11216517 iudies on traveling-wave

tubes have shown that maximum conversion efficiencies M for conventional

designs can be achieved when

i,

ii,

the value of the gain parameter 015’18

is high, since ul] is
proportional C

the (radial) propagation parameter 7T, has a value of

approximately
YT, = .8
with
r, = beam hole radius
2nf , .
Y =5 (radial) propagation constant of slow-wave

P structure
vp = phase velocity of circuit,

The gain parameter C is defined as18

KIO 1/3
¢ =\av_
O

K = interaction impedance of circuit on electron beam

]
]

dc beam current

<
il

beam potential (voltage)
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The interaction impedance K should therefore be as high as possible

to achieve good conversion efficiencies.

The interaction impedance of coupléd cavity circuits can be shown

. to be proportional to

-1
. H é£ or
n (fo} fo

where

=
]

cavity height

]

cavity period

%ﬁ = (cold) bandwidth of circuit
0
The interaction impedance can therefore be greatly increased when the
bandwidth is marrow. However, the bandwidth must be large enough to meet

the phase linearity requirements as discussed in the next section.

The cavity height h can be increased when a large value for the design voltage
VO is chosen. It should be noted, however, that the gain parameter C varies

with the choice of the voltage as

/3 -1/2

C = proportional (Po)l W)

o
with

P0 = beam power:

The conversion efficiency therefore increases with lower values of the

beam voltage. A lower limit for the véltage is given by the degrading
effect of the space charge, which increases with lower beam voltage values

(assuming constant beam power). Optimum efficiences can be obtained with
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a value of the space charge parameter Q015’18

Q =.2.

This corresponds to a beam perveance of approximately 1 pup. This is true
only for a conventional design. When velocity resynchronization is used,
the beam voltage should be higher, with a lower space charge parameter value

of approximately
QC = .05 to .10.
The corresponding beam perveance is then also found to be lower.

With velocity resynchronization the conversion efficiency depends also

on the gain parameter C. However, with collector depression the efficiency
varies very little with the voltage choice (within the optimum space charge
parameter values) and design rules for velocity resynchronization circuits
have not yet been established. An optimum design has to be determined by

the trial and error approach.

It was found that the 850 MHz and 2 GHz tubes could be designed with high
enough voltages to permit a PPM focusing design without degradation of

efficiency, and their voltage choice was determined by stability requirements

of the PPM focusing.

This was not the case, however, for the 8 GHz and 11 GHz tubes; their
voltage was chosen to achieve optimum efficiency, and these tubes have

to be solenoid focused., PPM focusing for these tubes would have required
excessively high voltages to assure focusing stability, with a resulting

degradation in efficiency. PM foucsing is not feasible because of its

rather low field limitations.
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The‘interaction impedance K can further be increased by choosing a phase
angle @ (for one period) very close to the lower cut-off frequency of
the circuit. However, phase linearity considerations impose a minimum
phase angle requirement as discussed in the next section. However,
there are other design parameters of the cbupled cavity structure which

can be optimized for a high interaction impedance.

One is a choice of the gap to period ratio of
g/t =.2,

The cavity height h can be maximized by reducing the wall thickness of

the circuit. The cavity height reduction,however, is limited by

a. structural considerations

b. thermal considerations to achieve good heat flow from
the ferrules

c. for PPM focusing by magnetic saturation effects of the

cavity wall, which also serves as - a magnetic pole piece,.

The propagation parameter 7Y, determines the rate of the radial circuit
field (impedance) reduction in the beam cross section. With lower AN
values the field reduction becomes smaller; however, space charge debunch-

ing effects become stronger and there is an optiﬁum choice for 7T, of .8.

With velocity resynchronization the choice of the relative beam velocity
(voltage) of the driver section deserves special consideration. This
parameter determines the efficiency of the driver section, but also the
beam modulation which enters the resynchronization section. This beam
modulation is a rather important factor in making the velocity resynchrc-

nization effective, The beam modulation of a modulated electron beam
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at large signal

levels is generally rather complex, but of significance

is primarily the beam modulation current at the fundamental frequency.

This is the only component of the beam modulation which is capable of

energy transfer to the slow-wave circuit.

In Figure 61 the computed fundamental and harmonic beam modulation

current at saturation have been plotted as a function of the velocity

parameter b for typical tube conditions.

defined by18

The velocity parameter b is

at saturation (computed)
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u, = dc beam velocity
vp = ciréuit phase velocity.
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Figure 61 Fundamental and harmonic beam modulatlon current



It can be seen that the magnitude of the fundamenta1~beam‘modulation
current increases with smaller b values, until it reaches a maximum at

the "optimum beam bunching voltage," whiéh is lower than the maximum

gain voltage. This "optimum beam bunéhing'voltage“ in the driver section
provides indeed the largest efficiency enhancement with velocity re-
synchronization, even though the initial efficiehcy is then rather low.

At this voltage the harmonic beam current is comparatively small. At the
"optimum overvoltage," on the other hand, the fundamental beam cﬁrrent is
rather small, and practically no furtﬁer efficiency improvement is possible
with velocity resynchronization, at least not with the methods described

here. At this voltage the harmonic beam modulation current is compara-

tively large. -
For the tube designs the propagation parameter was chosen to be
yr, = .80

and the velocity parameter b to be

2.  Phase Linearity and Bandwidth Considerations

Transmission of television signals requires a very high degree of phase
linearity of the transmission system. The phase characteristics of a

slow-wave structure can readily be derived from its equivalent circuit.

The coupled cavity circuit can be represented by an equivalent lumped

circuit as shown in Figure 62.
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Figure 62 EquiValent circuit for coupled cavity structure.

L and C are the elements of the cavity alone while M is the mutual

inductance of the coupling hole.

The network shown .in Figure 62 can be transposed into an equivalent

ladder network consisting of T-sections as shown in Figure 63.

L L.
=-M —-M 2C
2 2

T o a S NW‘L_(l__O

M Figure 63

-~ O

2
o]

e Equivalent T section of
coupled cavity circuit.

o

q

The phase characteristics of a T-section network as shown in Figure 64 are

generally given by

2
cos =1 4+ — ,
Zy

Z| Z|

Figure 64

T section ladder network.
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The dispersion characteristics of the equivalent circuit of Figure 63 are

therefore

cose® =i - i
°8¥ T oM T 2% -

The cut-off frequencies are determined by the conditions:

Lower cut-off frequency f.: 2 + L =’O
. 1 Zl_ 22

Upper cut-off frequency f2: Z1 =0

For narrow-bandwidth circuits, the phase characteristics can be approximated

by .
£ ’fm 2
cos¢=z%l— 1-1/2 r
c -
with
£, + £
£ -1 2
m 2

$
1

Bﬂc,phase anglé per period.

circuit propagation parameter

-
i

The phase deviation %f is therefore

dp _ _fem\> L
df £ Afc sing °

The phase deviation has been plotted in Figure 65 for a circuit with a
cold bandwidth Afc of
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Figure 65 Phase deviation of coupled cavity circuit.

Afc = 60 MHz

for the 2 GHz tube.

These data suggest choosing a phase angle v, for the center frequency of
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in order to keep the phase deviation within a specified maximum value of

_de

o
T (max.) =-1.2" /MHz,

The phase deviation at the center frequency fo is found to be

g-f (850 MHz) = -1.16°/MHz
%-f‘f (2 GHz) = -1.12°/MHz.

In Figure 66 the phase deviation at the center frequency ('b = 47/3) has
been plotted as a function of the cold bandwidth. It can be seen that a
cold bandwidth Afc of less than 60 MHz is inadequate to meet the phase

deviation requirements for amplitude modulation.
The AM tubes are therefore designed for a cold bandwidth Afc of
Af = 60 MHz
C .

with a center frequency phase angle of

4y
'o -3
dzP
For the FM tubes the specified second order phase deviation — is
df
2
é—; = .OSol(MHz)2 maximum
df”
dzp o 2
) =< ,015 /(MHz)~ desired.
df '
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Figure 66 Phase deviation and bandwidth for coupled

cavity circuit,

For narrow bandwidth coupled cavity tubes the second order phase
deviation can be expressed by

2 3
de - (QE) 3 _ [ fm 6 cos ¢
de f £ Afc sine £

Of zsin3¢
c
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This has been plotted for the 2 GHz tube with Af = 60 MHz cold bandwidth

in Figure 67. These data also suggest to choose a phase angle\fb for the
center frequency of

in order to keep the second order phase deviation small enough.

I 1 I i - T
fo =2 GHz
r Afe.x 60 MHz
10f )
08+ —-\——~— LINEARITY LIMIT .
~— I ' = 4“
. FREQUENCYCENTER(¢°-'3F)
’57: L
E b
&, OF . ' |
L i
A ! |
ols OPERATIONAL -
BAND WIDTH |
-.05f ‘ n ;
]
"
i
s |
A }
-10f 1 -
L )
2 i 1 4 ) i J - 1 i i
f, 10 20 30 a0 50 60
FREQUENCY (MHz)
Figure 67 Second order phliase deviation for coupled

cavity circuit.,
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At the center frequency («5 = %E) the second order phase deviation is

found for a 60 MHz cold bandwidth to be

2
% (2' GHz)

]

.0145°/ (MHz )2

[o N

a.
<

(8 GHz) = .0130°/ (MHz)?

]

A

(=N
NS

—= (11 GHz) = .01280/(MHZ)2'

in Figure 68 the second order phase deviation is shown at the center
frequency as a function of the cold bandwidth Afc. A cold bandwidth

choice of

Af = 60 MHz
c

appears to be adequate to meet the phase linearity requirements of "the

FM tubes and has therefore been used as a design basis for these tubes,

The phase linearity conmsiderations given above do not include the effects
of beam loading on the circuit.- These effects cannot as yet be analyzed.
Should these effects be found to be detrimental to the phase linearity, it
would be easy to restore the required linearity by an appropriate increase
of the cold bandwidth, however, at some expense of interaction impedance

and electronic efficiency.
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3. Cold Tests on Coupled Cavity Circuit Structures and Evaluation

of Dielectric Loading

Cold Tests Wlthout DLElECtrlC Loadlng

The interaction impedance of the slow wave structure is an imporﬁant
parameter in designing a high efficiency traveliﬁg~wave tube. 1In order
to obtain more realistic datarfor'these designs, cold test circuits '
were designed and built to evaluate the interaction impedance empirically.
The circuit design was based on the procedures outlined in the previous
'sections. The final dimensions of the cavity radius ry and the slot
width W (Figure 69) were adjusted empirically to achieve the desired
cut-off frequenecy and bandwidth. These dimensions agree closely with
the predicted design dimensions. The empirical frequency and bandwidth
adjustments were discontinued when an approximate frequency and band-
4width perféormance was obtained. The resultant cavity dimensions are

given in Table XII,

el — ﬂc ]
, e
W A |
. @M___r
+ -+
i L/
7. % ; § ‘5 R \
- - 0 {2 - \ ~\j>;. =]
fes- G —pod |

Figure 69  Schematic of coupled cavity circuit,

135



Table XII

Coupled cavity dimensions for cold tests.

S-BAND X-BAND

A 8.8 kv 10.5 kv

fd 2,03 GHz 8.05 GHz

Afc 55.3 MHz 44 .6 MHzZ

2r1 .75 cm (.295 in) .203 cm (.080 in)
2r2 .952 (.375 in) .355 em (.140 in)
21, '10.17 cm (4.000 in) 2.465 cm (.970 in)
2r4 5.84 cm (2.300 in) 1.485 cm (,585 in)
Ec 1.853 cm (.730 in) .508 cm (.200 in)
t .203 cm (.080 in) .127 cm (.050 in)
h 1.65 cm (.650 in) .381 cm (.150 in)
g .371 cm (.146 in) .102 em (.04 in)

S 4,32 cm (1.700 in) .98 cm (.385 in)
W 2,92 cm (1.150 in) .381 em (.150 in)
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The resultant frequency versus phase diagram for the S-band circuit is

shown in Figure 70.

2.080 : — - :
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Figure 70 Dispersion diagram for 2 GHz coupled cavity

circuit (measured).

The measured interaction impedance K of these structures, as obtained

with a perturbation method, are shown in Figures 71 and 72,
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In a number of previous experiments, it has been established, that the
effective interaction impedance K' of a coupled cavity tube is reduced
by a factor of approximately 2 due to electronic beam loading effects,

or
K' (effective) ~ 1/2 K (cold)

as illustrated in Figure 71 for the S-band circuit. It is also well
established that the effective interaction impedance remains finite
at the lower cutoff frequency. High efficiency has been demonstrated

with many coupled cavity tubes at this frequency.

Following conventional design procedures, the cold bandwidth Af, of a
coupled cavity circuit is designed to be twice as large as the opera-
tional bandwidth Af of the tube, such that the lower half of the fre-
quency range is used, with the center frequency producing a phase angle
ﬁo ﬁc of

4
Boﬁc— 3 T

in one cavity.

The effective interaction impedance K' at the operationél center fre-

quency (¢ = %ﬂ) is therefore fof the two testers:

2 GHz 8 GHz
K'(9=%ﬂ) . u8g . 7400

From these data the interaction impedance can be scaled to other circuits
by
-1

K = proportional (Vo)llz'(%i) '(%—),’
o
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Evaluation of Dielectric Loading on Coupled Cavity Circuit

The diameter of coupled cavities can be significantly reduced, when the
cavity is filled with a dielectric material. Suéh dielectric loading,
may, therefbre, accomplish a considerable size’and weight reduction,

especially for lower frequency tubes, provided the interaction impedance

and consequently the efficiency does not become degraded.

Cold tests were therefore undertaken to evaluate the effect of dielec-
tric loading, using the X-band circuit described above as a test vehicle.

"Stycast'" material with a dielectric constant ¢ of

andb

was used to simulate the dielectric properties of Beryllia (Be0O) and

Alumina.

‘This material can be machined, and therefore it is easy to fabricate.

The higher losses of this material do‘not significantly affect the pro-
perties to be evalu#ted (impedance and phase velocity). The coupling
slot width W (bandwidth) wés increased to facilitate the measurements.
The size of the dielectric discs was chosen to completely fill the cavity
space between the outer radius (r2) of the ferrule and the wall (r3) of
the cavity. The coupling slot between cavities was not filled with die-
lectric. The frequency versus phase data of these experiments are

shown in Figure 73,

The resultant circuit characteristics with dielectric loading have to
be compared to those of an equivalent unloaded circuit with the same
frequency, bandwidth, and voltage (period). One obtains an effective

dielectric constant €', which determines the cavity radius r3' (e = 1)

s
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of the equivalent unloaded circuit, or

ry(€) ’
5 (e=D - )

~1/2.

Of particular concern is the comparison of the interaction impedance K

(at a given phase angle 90) with that of the equivalent unloaded circuit

K', expressed by an impedance factor Fy s

These comparison data have been compiled in Table XIII below:

Table XIII

unloaded circuit.

Comparison of dielectrically loaded circuit with equivalent

Upper Cutoff Frequency
Lower Cutoff Frequency

Bandwidth

Interaction Impedance

Circuit Voltage

Cavity Radius Reduction

Effective Dielectric
Constant

Interaction Impedance
of equivalent circuit

Impedance Factor

e =1.0 e =6 e=9

£, (GHz) 8.005 4.007 3.371

£, (GHz) 7.530 3.715 3.114

af, 6.15% | 7.70% | 8.11%

f

(o) . .

K(G:® = 47/3) 120.80 51.2Q 45,40

V (¢ = 4x/3) 9.78 kV | 2.37 kV | 1.66 kV

ry (&)

;;T—?E_:_T> 1 442 .373
' 1 5.10 7.18
K'(e =1, ¢ = 4x/3) 47.40 37.8Q
Fy 1 1.08 1.20
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These data show that a significant diameter reduction of the coupled
cavity can indeed be accomplished with dielectric loading. This die~

lectric loading is éccomplished with a slight increase of the inter-
action impedance. ' _

The dielectric loading method is therefore‘applied to the design of the
850 MHz and 2 GHz tubes to reduce their diameter and weight.

It is therefore proposed to use Alumina (e = 9) as a dielectric loading
material for the design of the 850 MHz and 2 GHz tubes. This material
provides a larger diameter reduction compared to Beryllia loading.

Such dielectric loading will also significantly improve the heat flow
from the cavity ferrule to the outside of the tube, primarily because

the radial conduction path in the cavity wall is much shorter.

The dielectric loading will however increase the losses due to the di-

electric losses in the ceramics, but only to an insignificant extent for

the 850 MHz and 2 GHz tubes.

The interaction impedance K', including the effect of the beam loading
and of the dielectric. loading with Alumina, are therefore for the tubes
at ¢ = 4x ~and for Af.= 60 MHz:

3
850 MHz 2 GHz 8 GHz 11 GHz
K' (ohms) 89 189 550 820
e 9 .9 1 1.

1\-4&5 T+



4, Experimental Evaluation of Circuit Losses

The efficiency of traveling-wave tubes can be significantly affected by
the intrinsic losses of the slow wave structure, especially at higher
frequencies. The effect of the circuit losses is therefore included in
the large signal computer program. The loss is generally expressed by

the loss parameter d, defined as:

0
d = ———
C
Be
with
¢ = loss constant
Be = electronic propagation parameter,

A realistic evaluation of the coupled cavity circuit losses is only
possible experimentally with cold tests. The loss L of an existing
cgupled cavity circuit at C-band was therefore measured. The circuit
consisted of an unbrazed stack of coupied cavities made of copper with

an input and output coupler.

The loss constant is~then determined to

o = L(dB)
T 8.691
with
£ = circuit length.

For the measured circuit the loss constant was

o, = 3.88 10_3/cm (fo = 4,7 GHz , K' = 22 ohms),
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It can be shown, that the loss constant ac of a coupled cavity circuit

varies with frequency as

o = a @ @,

With this scaling the loss constant can be estimated for all tube designs.

The dielectric loading of the 850 MHz and 2 GHz tube circuits will in-

crease these circuit losses by those of the dielectric Gys oOF

a=occ+ad.

The dielectric losses Q4 can in good approximation be expressed by

1/2

a, = — (€) tan 3

ot
W
=)
o/
l

loss tangent of dielectric material

(e}
[}

velocity of light .

The dielectric losses increase proportional to the frequency and thus

become quite significant with higher frequencies.

A number of low loss dielectric materials are‘available, which can be
used in vacuum tubes. Among these, Alumina and Beryllia are frequently
used in tubes. Their dielectric properties at microwave frequencies

are known as follows:

| € tan §
Beryllia (BeQ) 6 .0005
Alumina (A1203) 9 .0003

ds



Neither the dielectric constant € nor the loss tangent change signifi¥

cantly with frequency. or with temperature (up to about SOOOC).

The loss constants for the tubes, assﬁming dielectric loading, are

therefore estimated to

850 MHz 2 GHz 8 GHz 11 GH'z’
a. (cm'l) 8.5 107> 1.88 1074 -—- : -
d 1 -4 -4 -4 -4
a  (em ) 4.7 10 3.37 10 2.3 10 1.82 10
¢ -1 -4 -4 -4 =4
Uporarfem ) 5.5 10 5.25 10 2.3 10 1.82 10

It can be seen, that the dielectric losses at the low frequencies are

relatively small compared to.the ohmic losses.

5. Coupled Cavity Structure Design

The design parameters of the tubes, primarily the choice of the beam voltage
Véiwere varied, and the efficiencies were computed with a large sigﬁgl com-
puter program to arrive at an optimum efficiency design within the thermal
and focusing constraints. For a given set of tube parameters the cavity
dimensions for a required frequency and bandwidth can be calcuiated from

the field equations of a coupled cavity, which include the effect of the

ferrule and the coupling slot.

The cavity dimensions (Figures 69 and 74) are obtained from the solu-
tion of a transcendental equation (Bessel funétions)20’21. In practice
these dimensions are found to be accurate to about 5%, and empirical cor-
rections of the cavity radius rg and of the coupling angle O are reﬁuired

to obtain the desired frequency and bandwidth.
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The outside radius Rl of the cavity has to be chosen to provide adequate
structural strength to the structure. A wall thickness of .050" to
.100" can be considered sufficient for this purpose. For the voltage
jump cavity, however, provisions must be made to incorporate a choke

in the cavity wall to eliminate RF perturbations by the insulation as

shown schematically in Figure 75.

CHOKE /— INSULATION
e
/Y //

A5 E

—4
Vo ? 7 Vo + AV
v 3L A

-——-——--—‘Q
~—
)
L
—

L2

Figure 75 Voltage jump transition in coupled cavity
circuit, ‘

For this cavity a circuit wall thickness of A/2 will be provided. It
is assumed that Alumina (€ = 9) is used for insulation and for die-
lectric loading. This will reduce the required elec¢tric lengths for
the choke design by (6)1/2, and the wall thickness can be reduced io
ho/6. The outer cavity radius R, is then given by
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R + >\°/6.

1 - "3
For coupled cavity circuits with PPM focusing (Figure 76) the wall
‘thickness t has to be increased to keep the magnetic flux demzify¥-in .
the pole pieces low enocugh and to provide an adequate thermal path to
the outside. The resultant cawity dimensions (Figure 74 and 76) are
listed in Table XIV,
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Figure 76 Schematic of permanent periodic magnet focusing

structure with coupled cavity circuit,
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B, CIRCUIT CONFIGURATIONS WITH MULYIVOLTAGE OF JUMP TAPER

A new efficiency enhancement method, the mmltivoltage jump_tappx) has
been introduced for the high efficiency design of the tubes. This
scheme was found to be superior to the previously used voltage jump -
velocity tapér method in efficiency, ability to focus and flexibility
of adjustment. In contrast to other velqéity resynchroniéation<schemes,
its design ‘s less critical with respect to the optimum 1ength, There
is also design flexibility in the chcige of the maximum overvoltage.

A maximum overvoltage Vj of approximately twice the basic veltage Vo’

or

was chosen in order to keep the voltage gradients in the cavities

within acceptable limits.

The tubes with FM modulation (tubes III, IV and V) are designed for

40 dB saturation gain, while the AM tubes (tubes I and II) are to be
operated in the modulator chain from zero to 20 dB gain. The high

gain tubes have to be:/designed with a sever to prevent feedback oscilla-
tions, while the modulator tubes are designed as feedthfough tubes
without attenuator. However, care must be taken in the design of their
input -:and output couplers to assure stability at the peak values of

output.

The severs are either internal or external cavity terminations located
approximately in the center of the circuit length.r For the power 1eVeis
considered internal cavity terminations appear adequate. These internal
severs consist of very lossy ceramic material, which partially £fills

one cavity. These severs completely absorb the power of the circuit wave,

and the RF energy is coupled from the input section of the circuit to
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the output section by the beam modulation only. Such RF coupling in a sever
between the circuit sections canVOnly be accomplished at the expense'of
some power loss. That is not of great concern, since the power (gain)

loss of the sever can be recdvered by increasing the tube length to pro-

vide additional gain.

This is only true, however, if the sever is located in the small signal

region of the tube; this can be assured by designing the output section of
the tube with high enough gain. If this is not the case, the sever is

‘found to degrade the beam modulation, and sever efficiency losses are
observed. These requirements are also to be satisfied for.a tube with velocity
resynchronization. The géin between sever and the velocity resynchroni-
zation section must be high enough in order to avoid a degradation of

the beam modulation. This important design consideration in conjunction

with a sever has been evaluated with the large signal computer program,

which is capable of analyzing sever problems.
The tube parameters and characteristics are generally expressed in terms

of the small signal parameters and linearized gain characteristics,15

The gain G (in dB) can then be expréssed by

G = BCN, -A -L_ -AG, + 4G,
1 s 1 j

as illustrated in Figure 77,

where
BCNl = small signal.gain ovgr'N1 number of wavelengths
BC = small signal gain per wavelength
A = launching loss
LS = sever loss
Aﬂl = gain compression .(at sa;uration)
AGj = gain in multi-voltage jump taper.



GAIN (dB)

MULTI- E
VOLTAGE JUMP
SECTION
A
Figure 77 Linearized gain profile in mnltivn&tage jump taper traveling-

wave tube with sever,
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These parameters have been obtained by the large signal analysis. They
are listed in Table XV together with the other small signal parameters

and the number of cavities in the various tube sections.

The voltage profile of the multi-voltage jump taper was optimized‘with a new
computer design technique. It was found that the optimum voltage profile

did mnot éxhibit a linear increase as expected. The optimum voltage jump
taper configurations are listed in Table XVI together with their voltages

’Vn (above cathode potential) and voltage gradients ANn.

The resultant efficiencies are in the range from 75% to 807% with multi-

stage collector depression; Their values are listed in the next section.
c. EFFICIENCY ENHANCEMENT WITH MULTI-STAGE COLLECTOR DEPRESSION

A significant part of the efficiency enhancement can be achieved with
a multistage depressed collector. It will be shown that for tubes

‘employing velocity resynchronization schemes, resulting in very h%gh
conversion efficiencies, multistage depressed collectors become very
.effective for further efficiency enhancément. In this section the

feasibility of multistage collector depression is therefore evaluated
for all tubes. The optimum number of collector stages is defermined,
taking collector deficiencies of velocity sorting and secondary sup=:

pression into account,

The collector performance evaluation &8 based on a new design approach,
which incorporates magnetic refocusing, transverse magnetic and electric
velocity sorting, and electric suppression of secondaries as descfibed
in Section IV, D, These techniques are considered an optimum design
approaéh for multistage collectors, but this has yet to be substantiated

by analysis and experiments.,
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This evaluation is based on the computed energy distribution of the
spent beam, which has been obtained from the large signal analysis

of the high efficienéy designs., Such computed spent beam energy
dis;ributionshavebeen compared in detail with velocity distribution
heasurements with a velocity analyzer in previous studiesl, Very good

agreement of these data has been found.

Such velocity distributions are usually presented in an integrated form:

I
o]

a
1w _1 ol
= dE
I dE
o v :

where
liizl = fraction of beam current with kinetic energy
o larger than or equal to V.
%— IEE = "current energy density" (fraction of beam current
o with kinetic energy E per unit energy range).

The computed spent beam energy distribution of the 2 GHz tubes and the
8 GHz tube is shown in Figure 78 and 79 for the multivoltage jump taper
designs and for the breviously used velocity . .taper - voltage jump combina-

tion and the voltage jump method.

The multi-voltage jump taper designs are found to have a larger velocity
spread and are therefore better suited for multistage collector opera-

tion.
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With these spent beam current energy distribution data, it becomes possible
to evaluate the efficiency improvement shich can be obtained with multi-
stage collector operatlon. Wlth o collector stages. the efficiency

improvement F , as comparedﬁto a 81ngle coLlector at the hlghestVbeam

potential VJ, can be expressed by:

v, 1
e T n J(vo -AV,) AT
z j k k
k=1
where ,
Vj = beam potential at output
Io = beam eurrent ”
AVk = collector bias of stage k
AIk = beam current with energiles between Vk and Vk+1

This assumes an ideal collector with perfect velocity sorting and no
other degrading effects.

It can be shown that for k stages there exists an optimum selection of
the collector potentials Vk (and collector currents AIR) for which the
efficiency improvement becomes a maximum. These optimum collector

potentials Vk are given by the conditions:

QP
Sﬁg = (0 for all K
k
with
n
collector power Pc = E 1 Vk A Ik

and Vk = Vj - Zﬂﬁ€
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These relations have been used to determine the optimum5COliecécr‘

" for all tubes. The

number of collector stages was varied from one to five stages to determine

potentials Vi and corresponding beam currents AI

the possible efficiency improvements as a function of the number of col-

lector stages.

These ideal collector data were corrected for some of the more signifi-

cant degrading effects, specifically:

1. Space charge potential depression: .
2. Imperfect velocity sorting

3. Secondary electron backstreaming

The magnitude of these degrading effects was estimated optimistically,
assﬁming that improved collectdr design techﬁiques will be developed
comparéd;to the present state of the art. With these'corrections it
was found that the maximum tube efficiency is achieved with four collec-
tor stages, while addiﬁional collector Stages will not improve ﬁhevéffi—

ciency anymore,

With more conservative assumptions for these corrections a maximum
(slightly lower) efficiency is achieved with three collector stages.

These corrections are estimated as follows:

The space charge depression AVC was assumed to be 5% of the beam potential

v or
'0,,

AVC = ,05 Vd'
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This value has been chosen becausekﬁell designed collectors can be
depressed with a dc beam as much as 95% before space charge blockihg

is observed,

In the multi-stage collector designs, the ideal collector potentials

Vk are therefore increaéed to

V' =1V

k k + .05 Vo

to take this effort into account.

Velocity Sorting Efficiemcy n,

It is assumed that each of the velocity sorting mechanisms of the n

collector stages has a veloéity sorting efficiency Mg of less than 100%.

These imperfections of velocity sorting can be caused by non-laminar
flow conditions of the electron trajectories and by inadequate confi-

gurations of the sorting fields. As a result, the current AL of stage

k
'k is modified to:

N 5 | n kel _
Alk = (ns) Aik + X g (1 ns)vélm .
. m=k +.1

In Figure 80, the efficiency improvement of the 850 MHz tube is shown
for one to five collector stages and varying values of the velocity

sorting efficiency, including secondary backstreaming of 10%.

In this case the current AIk to stage k is reduced by a current IS of

backstreaming secondaries of

IS = ~-,10 Alk

This backstreaming current is assumed to flow to the next higher col-

lector stage k - 1,

163



2.0 E— T

IMPROVEMENT Fc

EFFICIENCY

I r
. AV, =.05 Vo
. ‘ .
1.8 -  JDEAL | -
/]/ |
- N N | T’s =
-~ |
,. - l
i
B
| ,; T
.4 | | !
K !
| [ |
l l
| , |
t | |
| | , |
| ' | |
A | 0 (
1 ! o
od—d & 4 b é
0 I 2 3 4 5
NUMBER OF COLLECTOR STAGES n.
Figure 80 Effect of véloci;y‘sotting efficiency in multistage

collector operation (computed for 850 MHz tube).
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These plots show that the efficiency improvement is higher with a larger
number of collector stages reaching a factor of nearly 1.9 with 5 dtages
(ideal) corresponding to a tube efficiency‘of'89%. However, the improve-~
ment becomes smaller with an increasihg number of collector stages. The
ideal ultimate multistage collector efficiency, when ﬁhe beam energy is
completely recovered, is then reached with a large number of collector

stages.

The efficiency improvement is significantly reduced when a reduced sort-~
ing efficiency is taken into account, especially for a larger number of

stages.

In previous multistage collector studies on two stage collectors with

radial velocity sorting (Section IV. D) a sorting efficiency of

ng = 70%
was achieved, as compared to the measured spent beam energy distribution.
‘The proposed transverse magnetic and electric velocity sorting scheme
is not subject to the deficiencies of the radial velocity sorting scheme
(Section IV. D.). It is therefore believed that an improved sorting
efficiency of

ng = 807%
should be feasible with careful evaluation and development,
Computations show (Figurev81), that a multistageicollector with

n=+4

stages would then provide maximum efficiency improvements.
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Backstreaming of Secondaries

Backstreaming secondaries have been the subject of considerable attention

in depressed collector design. Effective design methods are available to

keep the backstreaming current frem secondaries small.

In this evaluation, it is assumed that each collector stage loses a

fraction fB of its current due to backstreaming secondaries:

IS =-fB AIk.

This current is assumed to be collected‘at the adjacent collector stage with
the higher collector potential. The collector current A Ik in stage k

is then modified by the secondaries to:

A ;k JAN Ik + fB (Alk +1 A Ik)
Only the first collector stage (beyond the output coupler) is assumed not
to lose secondaries, because this stage provides more design freedom for

)

the suppression of secondaries.

The efficiency improvemént has been evaluated for a variable amount
of backstreaming current IS of secondaries. It is assumed, that this
backstreaming current

Ig=-fg ALy
is collected at the next higher collector stage K-1., 1In Figurfe 82 the

resultant efficiency improvements Fc have been plotted for the 850 MHz

tube as a function of the number of collector stages, assuming a sorting



efficiency of n_ = 80% and a space charge:depression of AV_ = .05V for
each stage. It can be seen, that with these assumptions the number of
useful collector stages is primarily determined by the éffectiveness of
the velocity sorting mechanism, while the effect of the backstreaming

secondaries remains relatively minor.

In previous multistage collector studiesl'on two stage collectors with
radial velocity sorting and secondary suppression by shielding (Section IV. 8)

a backstreaming current of 5% was observed.

With a larger number of collector stages the reduction of backstreaming
secondaries depends primarily on the accuracy of the velocity sorting
mechanism. With perfect velocity sorting, practically no backstreaming
secondaries are expected to occur, since only the collector aperture edges
may contribute to them. With inaccurate velocity sorting, hbweﬁer, some
trajectories will strike the wrong side of the collector electrodes
(Figure 42), which have no field suppressioﬁ, and backstreaming of .- ..
secondaries will result, In the following analysis it will be assumed,
that the backstreaming of secondaries for each collector stage can be

kept to 10%, or

IS = -.10 Alk

Without more detailed studies, this has to be considered an arbitrary
assumption. The data of Figure 81 show however, that the effect of

secondaries is not very significant.
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Figure 81 Effect of backstreaming secondaries on multistage

collector operation (computed for 850 MHz tube).

In Table XVII the computed optimum collector voltages and currents have
been listed for all tubes. These data include the corrections described

above.

These data show that'typically the first and second collector stage po-
tential is higher than the driver section potential Vo’ while the potential
of the third stage is approximately the same as that of the driver section,
The fourth collector stage potential generally is much lower than that of
the other stages. A
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The collector currents decrease quite substantially with the number of
stages, The first stage collects about 40 to 507 of the beam current,

while the fourth stage collector current is only about 5 to 10%.

The thermal load distribution on:the collector stages is of concern for
the cooling design. The‘coilector load has been evaluated with the
computed spent beam energy distribution also. The thermal loéd, which
includes the effects of the space charge depressibn, velocity sorting
and backstreaming secondaries, as described above, has also been listed
in Table XVII.

These data show that a major portion of the thermal collector load,
about 40 to 50%, is dumped into the first colléctor stage, while the
thermal load of each of the following stages is significantly reduced.
The last (fourth) stage has to absorb only about 10% of the beam dis-

sipation.

If these collectors were to be radiation cooled a problem would arise
as to how to provide adequate heat shielding for the circuit and to
remove the heat from the inner collector stages, since the inner stages

closest to the circuit would be hottest.

The efficiency data of Table XVII include also the efficiency for the
solenoid focused tubes and the éfficiency for the AM tubes, when the
audio ™M tubes and the driver tubes are included in the in the calcu-

lation of system efficiency.
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and audio FM- tube
hﬂﬁestimated)

Table XVII Four stage collector operation for multivoltage
jump taper designs..

FREQUENCY 850 MHz | 2 GHz 8 GHz 11 GHz
OUTPUT POWER (kW) Pt 7.6 kW | 5.2.kW | 5.1 kW | 5.1 kW
Driver Section Vo i16.0 13 12 14

Potential (kV) - ‘ S
Final Voltage Jump V. 31.4 29.1 26.1 31.5
Potential (kV) J
(Above Ground) /
Optimum Collector vy '22.5 25.3 20.9 26.6
Potential (kV) : '
(Above ground) V2~ 19.1 22.2 18.95 19.1
Vy 16.3 19.8 15.75 13.1
| 5.3 1.31 1.45
Collector Currents 'I. 0 22 0
(ma) 1
ALy 208 114 136 191
A 143 100 125 66
a1, 135 70 48 28
AL, 19 14 17 13
P, 0 o 72 0
cJ
Thermal Collector .
load (watts) ' Pcl 1010 513 450 915
Pc2 607 ' 327 371 414
Pc3 720 382 403 208
Pc4 87 137 124 133
Ideal Collector il 88% 90% 88% 85%
Efficiency ideal
Collector Efficiency | n, 75.1% 79.1% 78.27% 75%
Efficiency with Neg - - 73.5% 71.3%
Solenoid '
For AM Amplifiers:
Efficiency with
helix driver tube n - 67% 70% --- -
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vI. FOCUSING AND BEAM OPTICS

A, TFOCUSING

The required focusing field for an electron beam increases with tﬁe space
charge density of the beam and with the fraction of the magnetic beam
flux which penetrates the cathode éurface. A magnetically shielded '
cathode will_therefore permit focusing of the beam with the lowest
possible magnetic field. This type of focusing produces a beam flow
‘defined as "Brillouin flow." On the other hand, the beam flow with
magnetic cathode flux is defined as "confined flow" or "immersed flow."
Although confined flow requires a higher magnetic focusing field than
does Brillouin flow, it is preferable when uniform magnetic focusing
fields (such as those produced by solenoids) are available. This is
because confined flow produces a stiffer beam which is less sensitive
to focusing perturbations and RF defocusing effects.13 Confined flow
focusing is now generally applied to solenoid focused high power tubes.
Very high quality beam focusing can be achieved with this method when
the gun launching conditions into the focusing field are optimized, and
when the focusing field is highly uniform.- These fbcusing fields can be
produced with foil solenoids of copper -or aluminum., The transverse
fields of these solenoids can be kept as small as a fraction of 1%'of
the axial fields. However, solénoids require electrical power and thus
degrade the efficiency. They are usually largef ‘and heavier than periedic

permanent magnet focusing systems.

Unlike uniform field focusing, periodic focusing will inherently produce

a scalloping beam contour. 'The period of this beam scalloping is related
to the focusing system period. With proper gun launching conditions, and
a good focusing design, the magnitude of the scalloping beam ripples’can
be rather small, i.e., on the order of only a few percent of the mean beam

diameter. Unlike uniform focusing systems, periodic focusing systems
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require magnetically shielded cathodes and thus provide "Brillouin
flow" for the best focusing., The plasma frequency reduction factor

is then smaller, than with confined flow,

The focusing stiffness of Brillouin flow is relatively Weak}a the beam

radius rb‘will yary. with the current I and beam velocity u as

1/2

T, = L)
p = <)

In determining the required focusing field for either a uniform or
periodic focusing system, the beam conditions at saturation (full RF
power) must bg_tgkén into account. In this case, the beam is strongly -
bunched; its current density is therefore strongly increased locally --
generally by a factor of about three compared to the uniform dc beaml?‘
In addition, the average beam velocity is considerably reduced as a
result of the energy extraction by the amplified RF wave. The mean
.energy reduction of the spent beam is proportional torthe electronic

efficiency, and the average beam bunch velocity u at the output is

therefore
_ Zi 1/2
sy, v, (-0
o] -
with
'uo = dc beam velocity in driver section
Vj = dc beam potential at output
V° = dc beam potential in driver section
n o= electronic efficiency at output
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The 1ocallcurrent density concentraction in the beam bunchés and their
velocity reduction will significantly increase their space charge
density (at least locally) in RI‘beaﬁs;‘ In addition, the RF fields

of the circuit ﬁave produces perturbing radial fields, which cause
beam focusing perturbations. Iherefote, the RF focusing requirements
are considerably more severe than those for the dc beam; The focusing

system must, therefore, be desighed to meet the RF requirements,

The magnitude of the focusing field is designed to produce a beam
diameter sufficiently small to take even strong RF defocusing effects

into account.

The PPM focusing design will therefore provide twice as large a peak
focusing field B as for a dc beam, or

B=2 (2)1/2 B

with Bo YBrillouin” field, while the solenoid focused tubes will provide

a uniform field of

with confined flow (Kc = ,85). - With these field magnitudeé the average
beam diameter will only f£ill .6 of the circuit hole diameter 2 r , even

with RF defocusing, or

r
r max
a

and excellent beam transmission into the collector is then assured.
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The stability of the periodic magnetic focusing is also severely affected

by the bunching and energy extraction from the beam with very high effi-
N .

ciency. Therefore the EE ratio, which determines the stability margin,

was chosen large enough with a value of

Ap o -
I > 4

with (Figure 77)
Ap = plasma wavelength

L = magnetic period

to assure stable focusing with high efficiencies.

The focusing design for PPM utilizes the coupled cavity structure for
the pole piece configuration, Figure 76, The close proximity of the
pole pieces to the beém assures a very high quality PPM focusing system.
;t requires, however, a magneti¢ period L of twice the cavity period '
1c' The magnetic gap G is chosen to G = 2/3 1c.t° eliminate the third
harmonic of the axial magnetic field for improved focusing. The
magnetic gap of the ferrule is thus larger than its electric gap. The
electric gap is‘provided by copper spacers. In additionm, the ferrules
and pole pieces are cappér cladded to provide adequate thermal conduc-

tion.

The required magnetic flux is calculated by taking the external and
internal leakage flux between pole pieces and between ferrules into "
account. The thickness of the pole pieces te is chosen to limit the

maximum field B in the pole pieces (at Rl) to

Bmax = 10,000 gauss

174



to avoid saturation effects, The required pole piece thickness has

been listed in Table XIV.

The required magnetic flux is to be provided with a conventional ring

magnet (radius R, - ). Several magnet materials have been considered:
1

Ceramic magnetics ("Indox")
Alnico 5

Alnico 8

Platinum~-Cobalt (Pt - Co)

For each tube a magnet material has been selected with provides the

smallest magnet radius R2 for an assumed operating temperature of
T = 200°C.

The chosen materials and the resultant magnet radii R2 (for voltage

5ump cavities) are listed in Table XVIII.

The focusing design for the solenoid has been evaluated both for aluminum

and for coppér foil solenoids (with teflon insulation) for an operating

temperature of
T = 200°%C .
A packing factor of the solencid of

.85

was assumed.

175



(00007 = 1)

8h¢ 60% --- - wuuﬁB I9mod PIOUDTOS

(0'%1) S€°9 | (6°81) 85°8 (€°L) ¢ (6°%%) ¥°0z (sq1) 8y 3y81oM JouseR
. (ap o)
(z°€2) 6S

(gp 02) _ _

(98°2) 9L (€8°€) €L°6 (1°S1). €£°8¢ (g°15) °0¢€1 ~(ur) wo ya8ue 3ouBel

(§5°2) 8%°9 | (S972) €L°9 | (%2e'?) 6°S | (9€9°%) 811 (ur) wo %y

(€0°1) 29°¢ (€2°1) €1°¢ | (Y22 2) %9°S | (9€S°%) S°11 (ur) wo Ty

- uoI3loeg 1

- —— 7°'8 rAdA dunp s8e370A NM

- - oYy Gy U0TI03g I9ATI(Q

0zL1 06%1 (ead) o8y (reed) €12 ssnes . g pPIo1d o13suseR

aaddop Ioddop G 0oTUlv ¢ ooTuly 1eTI93ER

pTousios pTousfos Wad Rdd Sursnoog

ZHO 11 ZHD ¢ ZHD ¢ ZHW 0S8 Aouanbaag

* saoysweled udisep Sutsnoog

IIIAX ®1qe]L

176



A wrapped-on solenoid design is used to achieve a light weight and
efficient solenoid design. The inner diameter D1 is then limited by

the extruding voltage jump seals. The outer solenoid diameter D2 was
optimized to provide a minimum effective solenoid weight Weff (Figure 45).
This includes the weight for the solenoid WS and for the solenoid power

supply WP, using the conversion factor

100 1bs wt,
1 kW power

with
Ps = solenoid power

and

The resultant solenoid diameter D2, power Ps, and weight are also given
in Table XVIII. .

B. GUN AND HEATER

The cathode loading and the cathode life can be affected by the gun
design. When a high cathode-to-beam area convergence is chosen, the.
cathode loading can be kept low. There are, however, design restric-
tions on the choice of the gun area convergence ratio. This is because
the electron-optical performance deteriorates with increasing area con-
vergence ratios. This deterioration manifests itself in non-uniform
cathode emission and in increasing non-laminarity of the beam in such

a way that some electron trajectories are found to cross over each other.
The focusing of such beams with translaminar trajectories is generally
degraded. The design of high convergence guns becomes more difficult

with guns for high perveance beams,
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Good quality guns can readily be designed for area convergences up

to about 60 to 80 with moderate beam perveance (up to about 2ip).

In these gun design considerations the voltage breakdown limitations

which may occur at high voltages, have to be considered.

Thé gun design follows well established procedures, based on Pierce's’
theory12 and empirical methods (electrolytic tank, gun tester; trajectery
program). The beam area convergence ratio has been chosen to achieve

a low enough current density ic at the cathode of
. 2
i < 500 mA/cm”
to assure long cathode life (20,000 hours minimum).

To achieve long heater life, the heater voltage was chosen relatively
low,: but within the presently available heater supply regulation techni-

ques, The required heater power is determined by the heater efficienty,
defined as ‘

radiated power from cathode surface

heater efficiency =
heater power

The heater efficiency is known from empirical data to be for

coll heaters 20%
pancake heaters 30%

The radiated power PR from the cathode surface is related to the required

cathode temperature TK (OK) by:

) b b
Pp=ep o Ty - T
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where

12 4

5.735 10 watts/cmz/oK-

Q
]

(0]
(]

(emissitivity) for oxide cathodes = .31

for tungsten cathodes = .18
TO (OK) = temperature of cathode environment

The gun and heater design paramters have been compiled in Table XIX.
It can be seen that the gun and heater design will be capable of pro-
viding reliable operation and long life. The maximum field strength

in the gun is well within safe limits (Emax = 150 kV/cm).
C. LAUNCHING CONDITIONS FOR THE GUN

Good beam focusing can only be achieved when the entrance conditions

of the gun trajectories into the focusing field are optimized.

It is then possible, at least in concept, to achieve a smooth beam

flow without ripples with a uniform magnetic focusing field, and

with very small beam ripples of only a few percent with PPM focusing.

This is especially important for high efficiency tubes where the beam
perturbations due to RF defocusing become more significant. Gaod beam '
transmission is not only desirable for effective depressed collector
operation, but also for the thermal protection of the slow wave structure,

thus contributing to the tube reliability and life,

The optimum beam launching conditions can be determined with a trajectory
computer program, or a beam tester, but it is also possible to estimate
these launching conditions. The optimum gun launching condition is
generally found such that the electrostatic beam minimum position

Z in (Figure 82) is 1ocated‘where the magnetic field has reached a

mi
value of approximately 707 of its maximum in the interaction region.22

179



180

10°1 61°1 0L°1 LL'e A4 Jusxan) JI33edy

€°9 n.o . 6 Al A 98e370A I93BOH

#°9 G°L £°G1 €°€¢€ s33eM asmod Iojedn

0¢ 0¢ 02 o€ % AousTo13IH a93®OH

9ITM PaTTo) axeourd ad£] xejeoy

056 0S6 o€l 004 % sanjeasdual apoyyed
9poy3ED

ua3s3uny, pajeuldaadumy 9poY3IE) PI3IBOD IPIXO ad4y @poyien

" ou ou ’ ou/sax s9% PTIIDH Mmopeys

6 1Y 7°91 7°8 | wo/AY | und utr PIOTL OTAIVS[H WNWIXER

(€¥2°) 919" | (y0€7) L | (16L°) 8°1 | (64°D) %'% | (up) wo ¥ samjeaany spouy

(w2L*) v8°'1 (18L£°) 86°1 (69°1) €% | (¢s°€) €678 | (ur) wd °y sanyeaan) apoy3le)

S8 09 01 . gy 90ou23I9AU0) eIy Weayg

06% 0Ly il 8/ NEU\¢E £371susg jusaan) opoyIED

(9%¢€°) 088 | (18€") L96° (6%9°) %9°1 | (€1°1) (8°¢ | (ur) wo I933weIq 9poYy3ed

86¢ 9%¢ 867 419 - yu jusaan) apoyie)d

Y1 Al €T 91 (a%1) 98e370A 9pOYIED

81"’ 29t rAsY A A an souesAlsg

ZHD 8 ZHD ¢ ZHH 0648 XONINOTIA

ZHD 11

‘*sa9jsweied udissp a9iwey pue

unj XIX °1qe]



For confined flow the pole piece hole diameter dp must also be large

enough to

surface,.

provide the desired amount of magnetic flux K.c to the cathode

The magnetic cathode flux Kc has been defined as

cathode radius
dc beam radius
axial magnetic field at cathode surface

axial magnetic in focusing region

The estimated optimum gun launching conditions and pole piece hole sizes

‘for the tubes have been listed in Table XX.
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ELECTROSTATIC BEAM CONTOUR

POLE PIECE

Figure 82 Launching conditions for gun.
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VII. COLLECTOR DESIGN

A new approach for the design of the multistage collector has been used.
This approach uses magnetic refocusing of the spent beam and transverse
magnetic and electfostatic velocity sorting with electrostatic suppression
of backstreaming secondaries, as described in Section IV. D. and illu-
strated with Figures 39, 40 and 41. This is considered an optimum deéign
approach, however, analytical and experimental evaluations will be re-

quired to establish this.,

In Section V. C. an estimate has been made on the optimum number of
collector stages using Ehe computed velocity spread of the spent beam
and also considering the effects of space charge depression, velocity
sorting deficiencies and backstreaming secondaries. 1t was found that
the useful number of collector stages is primarily limited by wvelocity
sorting deficiencies for given velocity spread conditions, such that
for larger velocity sorting deficiencies the useful number of collector
stages (for efficiency improvement) becomes smaller. For this analysis
it is assumed; that a fairly good sorting efficiency‘(nS = 80%) can be
achieved for the design of the multistage collecter, even though the
required design methods have not yet been developed. With this assump-

tion the optimum number n of collector stages has been determined to
n=4
The collector design given here uses therefore four collector stages.

The design of a multistage collector with the described configuration
has to be based on a spent beam trajectory amalysis. An accurate tra-
jectory analysis requires a general three dimensional (non-symmetric)
computer trajectory program, which includes space charge effects, trans-

verse fields and trajectory crossover  and reversals. 1In addition the
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launching conditions of the spent beam at the output have to be known

with reasonable accuracy. Such a collector design analysis is presently

not yet available.
The collector design given here is therefore based on simplified methods
to estimate the spent beam collector trajectories. To make this possible,

a number of simplifying assumptions were made as follows:

1. The magnetic refocusing configuration (Figure 39) achieves a

laminar beam with parallel trajectories. Velocity sorting
errors originating from the initial beam trajectories are

then eliminated.

2. The magnetic deflection field is uniform over the chosen
deflection length Zm/(Figure 40) and field edge effects are
ignored, Under these conditions the magnetic deflection
field could not produce any velocity sorting errors. The
choice of the initial deflection strength affects the col-
lector design in two ways: with larger deflection angles
the transverse kinetic energy of the deflected electrons is
increased. This reduces the collector efficiency, since the
transverse kinetic energy cannot be extracted by a longitudinal
decéleration field. A larger initial deflection angle, on the
other hand, permits to design a shorter and smaller velocity
sorting section of the collector, since the deceleration field
can then be higher.  However, the power density on the collector

Ll

electrodes will then be larger.
Therefore a compromise in the choice of the initial deflection

must be made to achieve good collector efficiency with a reason-

able collector size and acceptable power denmsities on the collector,.
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For the collector designs given here, the deflection angle was

chosen to

dr

= ,2
dz

for the average energy electrons of the spent beam. This deflec-
tion corresponds approximately to the magnitude of the radial RF
defocusing in the output coupler. This magnitude of the deflec-
tion was found to result in reasonable collector dimensions. The
collector (decéleration) length LC was chosen large enough to
keep the power density on the collector surfaces small enough

« 100 watts/cmz).

The axial electrostatic deceleration field was assumed to be

constant throughout the deceleration region, which starts at the
termination point of the magnetic deflection field. The field

is produced by a series of parallel and plane collector electrodes
plus one additional deceleration electrode which are located at
their respective equipotential positions. (Figure 41). Field *
perturbations caused by the collector apertures and in the trans-
ition region at the beginning of the deceleration field are ignored.

Such field perturbations may produce velocity sorting errors.

The collector trajectories are calculated for each spent beam

velocity troup in two steps: First, the trajectories are de-
termined without space charge. A space charge correction is

then applied to these electrostatic trajectories. The electro-
static trajectories (parabolas) are readily obtained in a uniform
deceleration field, when the launching slope is known. The space
charge correction uses the paraxial beam spread curves Ars of an
electron beam with space charge in a uniform deceleration field to
correct the tilted electrostatic trajectories by Ars as indicated

in Figure 83.
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WITH SPACE
CHARGE
v
WITHOUT SPACE E
CHARGE
27 iz
Figure 83 Beam spread of tilted beam in electrostatic

deceleration field with space charge correction.

The space charge conditions  are derived from the estimated RF beam

current and the average beam velocity for each Velocity'group.

Trajectories have been determined for the two extreme beam radii

in the transverse direction and for the two beam radii perpendicular
to the direction of deflection for each velocity group. These tra-
jectories have been calculated for both the slowest and the fastest

velocity in each velocity group.
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5. The collector apertures were determined from these trajectories as

follows:

The collector apertures were made circular, such that
their "left" edge is lined up with the "left" edge of

the entering beam, as shown in Figure 84,

Figure 84 Schematic of four-stage collector
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The collector aperture diameter (dK) are determined by the ""right"

edge electron trajectory with the slowest velocity in each velocity
group as shown in Figure 84. 1t was found, that with these assump=-
tions the fastest "“left" edge tréjectory of each velocity group

was also intercepted by its respective collector electrode, indica-

ting perfect velocity sorting.

The design data for the resultant collector configurations are
listed in Table XXI. These data include an estimate of the thermal

power density on the first collector stage.

These design data will have to be modified with a more accurate
collector trajectory analysis based on realistic spent beam launch-
ing conditions. Such .an analysis will also yield data to evaluate
velocity sorting defibiencies, secondary backstreaming and the

effective éfficiency improvement with the multistage collector.
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VII. THERMAL DESIGN

The tube will be mounted into a dielectric heat pipe assembly as shown in
Figure 85. For the purpose of thermal analysis the heat flow of three
sections is‘considered: The gun assembly, the circuit assembly and the
collector assembly., The contribution of heat generated in the gun
assembly is very small and can therefore be neglected. The thermal

analysis of the circuit and the collector follows.

The thermal analysis of the coupled cavity structure evaluates and
determines the required copper cladding of the pole pieces (for PPM
focusing, Figure 76), or the required circuit wall thickness (for
solenoid focusing) for a specified maximum temperature gradient AT
between ferrules and outer surface of the circuit and for a specified
maximum temperature Tf of the ferrule, This provides information on a
suitable operating temperature and fluid material for the heat pipe
cooling system, The operating temperature and size of the radiator are

then also determined,

A. THERMAL CIRCUIT ANALYSIS

For the thermal circuit analysis it is assumed that a major part of the
thermal loading is produced by.beam interception. The circuit losses are
found to be small compared to the power produced by the expected beam
interception (Section VA 4). The thermal contribution from losses is
therefore neglected in this analysis. It is assumed that the beam

interception of each ferrule Pf is 1% of the dc beam power, or
Pf = .01 IOV0

This assumption provides a considerable safety margin, since the total
beam interception on the circuit in well focused high power tubes is

less than 3 to 5%, even for high efficiency tubes. This interception

occurs near the output end of the tube and is distributed over several

cavities.
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The thermal analysis of the circuit assumes radial heat flow from the
ferrule to the outside of the tube, The heat path is divided into 6
radial disc sections with changing thickness (Figure 86) such that the

coupling slot is replaced by an equivalent (thinner) disc segment.

The temperature gradient ATn in each segment is given by:

P_ lp]—
f n - 1

ATn =
27 [Kf ?f + Kcu (t - tf)]
where
r, outer radius of disc segment
ro. 1 inner radiug of disc segment
Kf thermal conductivity of iron (fpr PPM focusing)
Kcu thermal conductivity of. copper
tf thickness of iron in disc segment (for PPM focusing)
t

- tf thickness of copper in disc segment.

The total temperature gradient AT between the inner ferrule surface and

the outer vacuum barrel surface is therefore (Figure 86):

AT = AEI +.AE2 + AE3 + AE4 + AES + AI6

The thickness of the copper cladding was adjusted to keep this tempera-

ture gradient to less than 100°C or
o
AT < 100°C
max —

with the exception of the 850 MHz and 2 GHz tubes, where it was allowed
o
to reach 150°C.
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The computed data for AT are listed in Table XXII for all tubes.

The required operating temperature T, of the heat pipe fluid at the

H

vacuum barrel surface is determined, when the maximum temperature Tf

at the ferrule is specified. It is given by
TH = Tf - AT - AIH

where

AT

B interface temperature drop at barrel surface

AT = temperature drop from cooling surface (evaporation)
H  to radiating surface (condenSer) in heat pipe.

The maximum temperature of the pole piece ferrule (for PPM focusing)

has been specified to

o
Tf max (PPM) = 150°C.
This provides a safety margin of more than SOOOC'against destructive
overheating (Curie-temperature =~ 7000C). For solenoid focusing the

maximum permissible ferrule temperature has been specified to

, _ o
Tf max (solenoid) = 200 C,

o , .
This provides a safety margin of more than 500 C against destructive

overheating.

The resultant maximum temperature gradients have been listed in Table
XXII.

With the chosen heat pipe temperature T

q the temperature of the radiator

Tr is determined
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with
AIr = interface temperature drop'at radiating surface.

The interface temperature gradients at the heat pipe surfaces AIB and

AEr and the temperature drop through the heat pipe AEH are small com-
pared to the temperature gradient in the circuit, Their magnitude is

in the order of AEB + AEr + AEH I 10°'to 20°C.

With the known radiator temperature Tr and the known dissipated power

Pr’

Pr = Po (1 -+ PS

with

Po= applied dc power to the tube
n = tube efficiency

PS= solenoid power (for solenoid focusing)

the required working fluid of the heat pipe can be determined. These

data are also shown in Table XXII.
B. COLLECTOR COOLING

Figure 87 shows schematically the heat pipe cooled collector assembly.
The collector plates are extendedvoutside the vacuum envelope by AR, to
provide adequate heat transfer areas for heat pipe cooling. The extension
ARt was chosen to provide adequate heat transfer area for the total thermal

collector power on one collector.

197






The power density for heat pipes with organic fluids is generally

chosen as 60 watts/in2 (9.3 watts/cmz).

The required extention ARt is then found:

e —Q
t | 2x; dk (PD)

dk = collector diameter
= power absorbed by the collector
PD = average power deéensity of working fluid.

The collector disc extentions and the vacuum envelopes are covered

with wick material of .100in (.254 cm) thickness. It was found in
experiments with dielectric heat pipe wicks; that the evaporator

wick thickness should not exceed .200 in (.508 cm) to prevent localized
film boiling. A wick thickness for the evaporator of .050 in to ,100 in
was found to be most satisfactory. Wicks for the condenser will be
single layer refrasil .050 in (.127 cm) thick., The radial wick spoke

length ZW can be calculated from the expressions:

2 . .
AP = 1,855 X 10 5 3 5

R

AP
c
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='wick spoke length between evaporatow and condenser ({cm)

capillary driving pressure
pressure drop in liquid flow

= pressure drop in vapor flow

=k R ke

= latent heat of vaporization (cal/g)

ft = thickness of collector plate (cm)
n,6 = number of collectors
Q = heat flow (cal/sec)
dk = collector diameter (cm)
v = kinematic viscosity (cmz/sec)
nw = number of wicks
A = wick cross-sectional area (sz)
Cf = wick factor for refrasil,.4 to .5
r, = pore radius (cm)

= vapor density (g/cm3)

= surface tension (dynes/cm)
@ = wetting angle (degrees).

The condenser surface of the dielectric heat pipe is an integral part
of the demountable tube package. The package envelope will therefore
serve as condenser for the tube (dielectric heat pipe), and it will
also serve as an evaporator for the radiator heat pipe system to the

outside. This heat pipe system is an integral part of the spacecraft.
C. SPACECRAFT COOLING SYSTEM

Two specific configurations, the '"dual panel RF joint concept' (Figure 88)
and the '"quad panel slip ring concept" (Figure 89 ) have been'suggested

by NASA and have been considered for a heat pipe design. These two
configurations differ primarily in their attitude toward the sun. The
"dual panel RF  joint concept'" is stationary with respect to the sun,
while the'quad panel slip ring concept" rotates with respect to the

sun with one revolution per day.
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For the 'dual panel RF joint concept'" only the spacecraft surfaces,
which are not exposed to the sun, are available for heat radiation.
The rotating ''quad panel slip ring concept", on the other hand,
permits the application of one-way heat pipes in the outer space-
craft system and a very large portion o f the spacecraft envelope
can be made available for heat radiation, since the one-way heat
pipes will effectively shield the spacecraft interior against sun

radiation.

A calculation of the available radiator surfaces shows that these
surfaces indeed permit a heat pipe operation at very low temperatures.
The "dual panel RF joint éoncepﬂ'permits radiator and heat pipe
temperatures TR in the order of

T ~ 120°%C
r

while the superior one way heat pipe system of the "quad panel slip

“ring concept'" may be operated as low as

In both configurations the cooling system was conceived as an integral
part of the spacecraft, such that a part of the spacecraft skin serves
as a heat radiator. This approach permits to design a cooling system .

for low temperature operation without significant weight increase.

0f the two alternate configurations the '"quad panel slip ring" concept
was proposed for the cooling system design, because it provides a

larger effective radiator area and thus permits lower operating tempera-
ture. A schematic of this spacecraft configuration in orbit is shown

in Figure 90.

The cooling system consists of 3 heat pipe stages, as shown schematically

in Figure 91.
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Figure 91 Schematic of heat pipe cooling system.
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The tube is enclosed in a dielectric heat pipe system. This makes it
possible to achieve a very effectiﬁe heat transfer from all tube sur- -
faces with different electric potentials to the distributor heat pipe.

The dielectric heat pipe fluid is an electric insulator and, therefore,
a more efficient heat transfer is achieved from the tube than would be

possible through ceramic insulators,

The distributor heat pipe transfers the heat to the multiple one-way
heat pipes. From these, the heat is dumped irto the radiator surfaces

of the spacecraft skin.

The one-way heat pipes automatically turn off the heat flow to those
radiator panels, which are exposed to the sun and thus cannot radiate.
This makes it possible to provide a larger radiator area, although a
fraction of the increased area is temporarily not in operation. This
one way cooling systeh provides an abundance of heat transfer paths
and thus can be considered more reliable. The system is rather large
in size and the heat flow densities are, theréfore, very low. -These
estimated heat flow densities are substantially lower than the estab-
lished heat flow capabilities of such heat pipe systems. This also

will contribute to a high reliability of the design.

The estimated power flow densities and average radiator temperatures

for these systems are:

RF AVERAGE RADIATOR
POWER HEAT FLOW DENSITIES TEMPERATURE
"DIELECTRIC DISTRIBUTOR ONE -WAY
HEAT PIPE HEAT PIPE HEAT PIPE
5 kW 1.09 W/cm? .634 W/cn? .08 W/cm? 57°¢
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The temperature of the radiator panels will vary during one period
(24 hours) due to the change of exposure to the sun and due to the

directional changes of the heat flow in the one way heat pipes.

These periodic temperature variations have been evaluated for the

proposed spacecraft configuration,

In this analysis each of the panels have been considered as béing

isolated thermally from each other.

The geometry of the spacecraft (Figure 90) suggests to consider two

types of panels:

i) panels never exposed to the sun

ii) panels periodically ekposed'to the sun

The periodically exposed panels go through the following four thermal

conditions in one period (Figure 90):

1) One way heat pipe: operating; sun exposure sets in Region A(A')

2) One way heat pipe: off; continuous sun exposure Region B(B')
3) One way heat pipe: operating; sun exposure ends Region A'(A)
4) One way heat pipe: operating; no sun exposure RegionB'(B)

The resulting temperature variations are shown in Figure 92 for a 5 kW

system.

The one way heat pipes are automatically activated and inactivated by
the sun exposure, and thus they protect the séacecraft cooling system
against an excessive thermal load from the sun. Only during their
turn-off period is there a small amount of heat being absorbed by the
system from the sun. This causes only a small temperature increase of
5% to 10° of the radiation temperature (at t = 7 to 8.5 hours and t = 19

to 20.5 hours).
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The turn-off (on) time of the one way heat pipes (angle GT of Figure 90)
is given by the condition that the sun absorption becomes equal to the
heat radiation, or

4
Sas cos B =eg T

where:
S = solar constant
aS = absorptii;ty
Sas = ,135 W/cm
cos B= projection of surface to sun
e = .92 (emissivity)
o = Stephan-Boltzmann constant

The projection angle B is related to the angle 8 of the space craft

axis to the sun by (Figure 92):

B8 = % (panel 1 and 5)
= 0 (panel 3 and 7)
=0+ 7 (panel 2, 4, 6, and 8)

After the one-way heat pipes are turned off, the panels continue to

absorb sun radiation and their temperature is given by the condition:

S cos B 1/4
T= \—ou
eo

The maximum temperature increase of these panels during this period,

for the 5 kW system, are found to range from (Figure 92)

AT = llOOC (panel 3 and 7)
max

and

ar = 75%. (panel 2, 4, 6, and 8)
max
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Although the effective radiation area is reduced during the period B (B'),
the radiation temperature increase from that of period A (A') is very

small (not shown in Figure 92).

A shut-off and on cycle of 1.5 hours duration has been specified during

one period (24 hours), The temperature variations of the cooling system

during this operation have, therefore, been estimated.

During the turn-off period of radiation the temperature of the panels is

described by the equation:

dr

4
th at - Aedl

where
A = area of radiation surfaces
C

th = thermal capacitance of spacecraft

where

Cep, =Zw c,

and

W = weight of material

cp = gpecific heat of material.
The temperatures of the heat pipe system are given by the small tempera-
ture gradients produced in the heat pipe system. However, at a lower

temperature limit TL

TL ~ 25°%C (room temperature)

the heat pipes become inoperative and the heat transfer from the inner

heat transfer surfaces to the external radiators is primarily by radiation.
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For each radiation heat transfer a temperature gradient will be produced.

This temperature gradient, however, is found to be small,

The resultant temperature variations of the spacecraft during the shut-
off time are shown in Figure 93. 1In Figure 94 the temperature drop

is shown for an extended shut-off period. It can be seen that the
temperature of the spacecraft drops so rapidly aftef shut- of £ that

the heat pipes become inoperative after only a few minutes of the turn-
off. At the end of the turn-off period, the temperature of the radiation

panels has dropped to about

T |, =~ -173°%¢
min

while the spacecraft system has cooled down to nearly -148°c.

The total temperature variation Ammax of the spacecraft during one

period is, therefore, only about
AT~ 200°C
max

including the turn-off period. This temperature variation will keep
thermal stresses relatively small. The maximum temperature gradient

AES within the cooling system at any time is only about TS ~ 25°C,

During most of the shut-off period the heat pipe fluids will be frozen.
However, immediately after turn-on the heat pipes will start to function.
The tube heat will primarily be used to melt the heat pipe fluids, since
the evaporacion heat of these fluids is much larger than their melting
heat. The operational temperatures of the cooling system is reached

very rapidly after turn-on (Figure 93).
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In Figure 953 a schematic of the spacecraft cooling system assembly is
shown. This schematic shows the advantages of the proposed three-stage
cooling system. The tube with the dielectric heat pipe is built and
assembled as a separate unit, and the tube performance, including its
-heat transfer characteristics, can readily be evaluated outside the

{

spacecraft.
The disturbutor heat pipe and the one-way heat pipes are an integral

part of the spacecraft. The assembly of both parts is accomplished

with a final weld.
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Figure 95 Schematic of distributor heat pipe

system assembly.
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IX.  MECHANECAL DESIGN
A.  CIRCUIT CONSTRUCTION

In this section some of the details of the mechanical designs that
are peculiar to the proposed high power traveling-wave tubes for
this space application will be outlined. The coupled cavity inter-
action circuit was chosen. At the power levels and bandwidths re-
quired, it provides a high impedance, which is desirable for the
requirements of high efficiency and high gain per unit length. It
is also a superior circuit fromthe standpoint of dissipating the
heat which is genEfated by intercepted beam power. Since the
vacuum envelope can be constructed entirely of metal and ceramic
materials, high temperature processing techniques are possible with
a coup led cavity tube to assure improved life and reliability.
Complete circuit subassemblies from typical coupled cavity tubes are

shown in Figure 96,

These are X-band tubes incorporating PPM focusing. For this type of
tube the cavity walls are made of iron to serve as magnetic pole pieces,
They are the larger diameter portion of the circuit. The pole pieces.
are copper plated to facilitate brazing of the assembly., The outer
diameter wall of the coupled cavity is made of copper which is brazed
between the pole pieces and serves to complete the vacuum envelope.

The input and output RF match assemblies are located at each end. On
the tubes shown the coupler is connected to a reduced height waveguide
and then through a step transformer to a "poker c¢hip" ceramic waveguide
window. These are high gain tubes (approximately 50 dB), which incor-
porate internal circuit severs with matched terminations to divide

the circuit into separate sections to assure stability. The final

216"



assembly of the circuits shown is made in a controlled atmosphere

furnace using a high temperature copper-gold brazing material between

each circuit element. The vacuum assembly is completed by connecting

the circuit with the electron gun and the beam collector by heliarc
welding.

Figure 96 Typical coupled cavity circuit assemblies for periodic
permanent magnet focused X-band tubes.
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The magnets are split rings and are mounted on the tube after the
processing has been completed. They are not part of the vacuum
envelope. Circuit parts from a typical Ku-band tube are shown in
Figure 97, The dark half ring pieces'are the Alnico focusing magnets.
The two holes through the larger pole pieces are used for alignment

and to provide coolant pipes in the tubes.

Figures 98 and 99 show typical parts for coupler assembly of a

coupled cavity tube with solenoid focusing. This type of tube uses

only copper for the circuit, yielding excellent thermal conductivity

as well as low electrical loss. The RF match between the circuit and
the external waveguide is optimized by adjusting the dimensions of the
stepped coupler cavity. The four holes near the outer édge of the cir-
_cuit provide alignment during assembly and also coolant passages

for forced liquid cooling in operation., The input.ﬁavéguide is bent

to facilitate mounting in the solenoid. The rectangular cutouts at the
outer diameter of the circuit are provided to mount the waveguide. In
the proposed tubes with solenoid focusing, the solenoids will be wrapped
directly onto the circuit, which will result in a much smaller and lighter
package and a more efficient solendid. The final tube design will be
similar to a typical PPM focused design rather than the usual solenoid

focused coupled cavity tube.

Figure 97 Typical circuit parts for a PPM focused
coupled cavity tube.
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.

Figure 98 Typical circuit parts of solenoid focused coupled
cavity tube. '

:%_‘

.

Figure 99 Typical waveguide coupler parts for solenoid
focused coupled cavity tube,
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Parts for a typical sever termination assembly are shown in. Figure 100.
These are parts from a PPM focused Kii-band tube. The sever consists
of a cavity web with the kidney-shaped coupling hole eliminated. The
RF circuit wave is, therefore, completely blocked from the followihg
circuit section. The termination at the sever is provided by a wedge
shaped piece of a lossy ceramic material. This material is specially
designed to operate at high temperatures and to provide the proper ‘
dielectric and loss properties required to produce a satisfactory
termination. It may be brazed to the‘cavity wall for high power
dissipation. The dimensions of the termination itself and of the
termination cavity are chosen to provide a good RF match to the

circuit.

Figure 100 Typical sever transition components for
coupled cavity tube.
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B. GUN CONSTRUCTION

A typiéal shadow grid electron gun assembly and its anode are .shown

in Figure 10l. The anode and the focus electrode, which is the element
at the end of the gun assembly with .eight circularly located holes, are
fabricated of highly polished molybdenum, . Beyond the focus electrode

a pair of precisely aligned target grids can be seen. The top grid
serves as a control element. The lower onme is the shadow grid which is
located very close to the cathode...It shields ﬁhe control grid from
electron interception, This double grid technique provides extremely
low grid current interception (of the order of one-tenth of 1% of the
total beam current) and consequently results in long grid life and re-
liability. The shadow grid technique is proposed to allow modulation

of the beam in the traveling-wave tube modulator for AM signals.

Figure 101

Typical shadow grid
electron gun assembly.

%
o
w,?% i
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The outer stem assembly of the electron gﬁn is made by a single high
temperature braze of a stacked set of alternating alumina ceramic
standoffs and kovar rings. The internal gun stem assemblies are welded
to the internal flanges of the kovar rings. The ring at the end serves
as a weld flange to attach the completed electron gun to the body of
the tube. For the proposed tubes the anode will be isolated from the
tuBe body, so that a small positive potential can be applied to it‘to
serve as an ion trap. For that case, the gun stem will have one more
insulator ring than is shown in the»pbotogréph, énd the anode will be -

sealed to it.

For the FM tubes, grid modulation will not be required. .The basic
gun construction will be similar, except for the omission of the

grid components,
C. SPECIAL DESIGN REQUIREMENTS

The preceeding paragraphs have outlined the basic mechanical features
of typical high power coupled cavity traveling-wave tubes that have
been developed in the past.. The proposed application will require
novel approaches in some of the construction details. The major

areas are as follows:

1. A heat pipe coolant system is used. 1In the past, coupled cavity

tubes have usually been cooled by forced liquid flowing through

a series of ducts distributed through the tube body and collector,
Heat pipe techniques have recently been applied to tube elements
such as the collector, However, the proposed application will
cool the entire tube. The heat pipe cooling system requires
primarily changes in the outer packaging of the tube. However,
the construction techniques for fabricating the vacuum envelope

will not be different from that for conventional cooling.
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2,

A multi-voltage jump taper will be used in the output section to

provide efficiency enhancement, The voltage jump technique re-
quires that successive circuit cavities be insulated from one
another. The insulation must be capable of holding the jump
voltage and also providing a mechanically strong vacuum seal,
Figure 102 shows a cross-sectional layout sketch of an insulator
Aassembly designed for PPM focused tubes. The insulator assembly
is similar to one section of an electron gun ceramic insulator
assembly, 1t consists of the dc block ceramic ring betﬁeen a
pair of kovar weld flange rings with metalized back-up ceramic
rings. The back-up ceramic rings provide greater strength and
reliability of the metal to ceramic seal. High purity alumina
ceramic will be used. This material has good mechanical and elec-
trical properties. To prevent RF radiation an RF choke is in-
corporated within the cavity structure. The use of an alumina
ring which has a high dielectric constant, inside the choke groove
as well as for the dc block insulator, provides high dielectric
loading and permits therefore a small choke assembly design. The
final assembly of a series of voltage jump cavities is made by .
means of a peripheral weld between the ceramic assembly weld
flange and the outer edge of the iron pole piece. The outer
diameter of the pole piece is stepped, as shown in Figure 102,.

to provide thermal isolation during the welding operation and to
locate the split ring pole piece extension which is installed
after processing of the wvacuum assembly. Iﬁsulation material
such as teflon is installed between the focusing magnet and the
adjacent pole piece which is at a higher potential. Electrical
lead connection to the individual circuit section can be made

by welding a lead to the circuit and stringing it through a
groove in the pole piece exténsion to the outside of the tube

package.
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Solenoid focusing is proposed for the higher frequency tubes.
Because the space is more limited than on the larger lower fre-
quency tubes, and because iron pole pieces webs will not be used,

a voltage jump insulator assembly as shown in Figure 103 will be
used. The ceramic insulator assembly is similar to that described
above; however, the weld flange is arranged so that the final peri-
pheral weld can be made between successive flanges. The copper
circuit cavity sections are located radially between the successively
stacked insulator assemblies. A split insulator tubing (this can
be a wick of the heat pipe coolant system) through which the dc
leads to the individual cavity sections can be run, is placed
around the assembly circuit. The solenoid pies are then wrapped
around this tubing. These solencid windings must be axially

aligned with the individual cavities.

With the voltage jump efficiency enhancement technique, the output
coupler section is generdally operated at an elevated voltage above
ground. Therefore, the output section must be electrically isolated
from the body, and a dc block must be incorporated in the output wave-
guide line. A possible output waveguide assembly is shown in Figure 104.
The transition between the RF interactim circuit and the external
waveguide consists usually of a reduced height waveguide with a“step
transformer. The narrow bandwidths of the proposed tubes will

permit a quarter wavelength rectangular block window in conjunction
with an abrupt step in waveguide height for a good match over the
required bandwidth. The window is metalized on the periphery and
brazed to the inside of the waveguide to complete the vacuum
envelope. To form the dc block, an insulator assembly incorporating
an RF choke, similar to the ones described above for the voltage

jump circuit sections, will be welded on to the window assembly

as shown in Figure 104, The output end of this flange will mate
directly to a standard waveguide flange for the frequency band

of the tube,
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SOLENOID WINDING

ALIGNMENT
SPACER N
INSULATOR
TUBING (SPLIT)
WELD
FLANGES CERAMIC
CERAMIC INSULATOR
BACK-UP RING N—RF CHOKE
GROOVE
T~ COPPER
CAVITY

Figure 10¥% Voltage jump insulator assembly for solenoid
focused tube.
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If a coaxial line is to be used on the lower frequency tubes, similar

considerationg can be taken to provide a coaxial vacuum window coupler

and de¢ bloek.

3. A multi stage depressed collector will be used on the proposed

tubes. The electrical parameters of this unique collector were
described in the electrical design section for each of the dif~-
ferent tubes. A schematic of the mechanical layout of the col-
lector for the $-band tube is presented in Figure 105, The basic
design consists of a series of copper discs with transversely
displaced center holes of gradually increasing diameter proceeding
in the direction of beam travel. The discs are operated at
successively lower potentials to optimally collect velocity groups
of the spent beam electrons. The discs are separated by a series
of ceramic insulating rings. Each insulator ring is part of a

brazed insulator and weld flange assembly similar to those

used in the electron gun stem and the circuit voltage jump insulators.

Each collector disc also will have a weld flange brazed to both
sides. The final assembly of the collector is made by welding

the series of peripheral weld flanges of the succeeding collector
disc and insulatdr assembly, The collector is attached to the
circuit output flange by a similar weld.

After the fabrication of the subassemblies of the vacuum envelope has
been completed, the tube is mounted in its externallpackage and
integrated with the heat pipe cooling section as described in the
section on thermal design. In addition to providing proper cooling
and electrical insulation for the'various'voltage elements, the
package will be sturdily designed to support the tube and its tube com-
ponentes to withstand the stringent requirements of shock and vibra—

tion associated with the launch and space environments.
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X. LONG LIFE DESIGN

A. TUBE LIFE

The 1ife of properly designed vacuum tubes is limited by the wear-out
time of the cathode. The cathode of long life tubes must therefore be
deéigned for long life operation and it must be protected during its
life against damages, The cathode can be damaged primarily by ion
bombardment, if the tube vacuum is inadequate and residual gases are
present inside the tube. The gases are ionized either by the elec~-
tron beam or by accidental discharges. Such damages can be avoided

as long as an adequately low pressure is maintained insi@e the tubg
during its life by ion traps and pumps. Only materials with very low out-
gassing rates can therefore be used. All materials and-components
must carefully be outgassed during the procéssing by well established

cleaning, outgassing and bake out procedures at high temperatures,

‘During the operation, however, the tube temperature must be as low as
possible in order to keep the outgassing rate small. The tube should,
therefore, be designed so that the thermal loading (power density) of
any tube component is kept small in operation. In addition, the oper-

ating temperature of the cooling system should be chosen as low as

possible.,

These requirements become more critical for high power tubes. ‘The local
thermal loading is likely to be higher with resultant higher local
temperatures. In_addition, the higher voltages for such tubes are
likely to increase the ionization rate and the kinetic energy of the

ion bombardment becomes larger and thus more destructive.

The tubes have, therefore, been designed with a heat pipe coolihg

system, which operates at rather low temperatures.
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The major part of the thermal loading occurs in the collector. A
large size collector geometry was therefore chosen to assure ‘low beam

power densities at the collector surfaces.

The slow wave structure (coupled cavity circuit) is also exposed to. some
thermal loading primarily due to some electron beam interception. Such
interception can be minimized by a careful gun and focusing design

and by the choice of a comparatively small beam diameter with respect

to the beam hole size. The tubes have therefore been designed with a

relative beam size of .6 of the beam hole size.

1. Tube Life and Vacuum

The operational pressure in various sections inside the tube is a com-
plex function of the design parameters of the tube, of the materials

and their processing history, and of the operational conditions.

In order to keep the pressure low, the outgassing rate of any tube
‘ component must be as low as possible, and continuous vacuum pumping
with a larger rate than the outgassing rate must be available during
the tube life. Such vacuum pumping is provided in low power tubes

by the pumping action of the cathode surface and by getters. 1In high
power tubes, however, these pumping means are inadequate and appendage
vac ion pumps are generally provided to maintain sufficient pumping

speed.

Nevertheless, the outgassing rate of all tube components should be

as low as possible.

2. Maintaining the Vacuum

. ; -6
The traveling-wave tubes require a vacuum of less than 10 torr,
In order to maintain such a vacuum, getter materials and ion pumps
are often used. However, these materials are very selective gas

pumping devices; also they may lose their efficiency during long
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‘life operation., Therefore, another approach is considered where the
tube vacuum envelope is opened to the space environment, The approach
has merit since the space environment has a pressure less than 10“12
torr, is nonselective in pumping any gas, and acts as an everlasting
pump. Such an opening in the tube can be in the form of tubulations
from the collector sections and from the electron gun section. as

shown in Figure 106,

The tube vacuum is such that the mean free path of the gases exceeds
the internal dimensions of the traveling-wave tube; therefore, such

flow is termed molecular flow, with the Knudsén number

Ly 1.00
a

where L is the mean free path and a is the characteristic dimension.
Since the mean free path of air at 25°C is related to the pressure,

PH, in microns of Hg by

the Knudsen number can be written as

Lo2:8 5y 0
a a PH

or aPu > 1.00 for molecular flow.

6

Thus at 1 X 10 ° torr, the mean free path of air at 25°C is 50.9 meters , or

far greater than the characteristic dimenions of the traveling-wave tube.
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The equation of gas flow rate is

AP o p
Rarraie Q=F(P Po)

where Q is the flow rate in micron liters per second, F is the gas

conduction in liters per second, P is the upstream pressure, and Po

is the downstream pressure (in microns of Hg).

For molecular flow, the gas conductance is defined as

2w\ Y2/ 4 1
=3 2 D)
3 M 7

A
o

where R 1is the universal gas constant, M is the molecular weight of
o ‘
the gas (grams/mole), T is the temperature in 0K, £ is the length of
gas travel in em, H is the perimeter at any £, and A is the cross=-

sectional area at any /. Thus, for a cylindrical tube of radius a (cm),

a3 T 1/2
F = 30.48 Vi (ﬁ) liters/second

and for a circular orifice of radius a

9 (T 1/2
F = 11.42 a (ﬁ) liters/second

The computations of gas conductances inside the tube were somewhat
more complex than the above examples (e.g., the slow wave circuit
section consists of cylindrical cavities each linked by extended
ferrules). The computed gas conductances for each of the five tubes
along the gun section, circuit section, and collector section are

given in Table XXIII.
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TABLE XXIII Gas conductances (liters/second) of
the three sections of the tubes.

TUBE FREQUENCY | GUN SECTION | CIRCUIT SECTION | COLLECTOR SECTION

AM 850 MHz 1900 1.1 350
AM & FM 2 GHz 600 0.2 25
FM 8 GHz 14 0.008 31-

FM 11 GHz 2.5 0.005 16

The computed gas conductances throughout the collector region, and also
from the face of the cathode throughout the ceramic enclosure around
the electron gun section, are 30 to 1600 times higher than the computed
gas conductances along the circuit section. As a result these re-
gions are considered negligible impedances to gas flow if gases evolving
from the circuit section are significant and are expected to be pumped

either through the collector or gun section.

During the operation of the tube, the cathode temperatures will approxi-
mate 800°C and 1100°C for oxide type and dispenser type cathodes respec-
tively; also, the collector region may exceed 200 or 300°C in small
local regions; and the circuit section of the tube will not exceed
ZOOOC. Therefore ?he traveling-wave tube will experience greatest

gas evolution in the cathode and collector regions.

Table XXIII shows that the-gas conductance along the circuit region is
extremely low, especially for the two high frequency tubes. If only
one pumpout tubulation is used in the tube, sizeable gas pressures
might result in the opposite end of the traveling-wave tube due to the
low gas conductance of the circuit secLion. It is therefore important
to place gas pumping tubulations onto both the collector section and

the gun section as shown in Figure 106.
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In order to provide sufficient puhping speeds, the gas puﬁping
tubulations must have a sufficient diameter so that gas bursts

will be pumped quiékly (within seconds). Referring back to the
equation for gas flow rate:

I-10:4') N
dt =Q=F (P Po)

the solution for the required gas conductance, F, is

P, - P p. - 10712
gn [ 2—=2)- Zn i
P - P 3 12

m 10 - 10

F =

o <
rr b=t

where P0 is the vacuum qf space equal to 10-12 torr, Pi'is the initial
gas burst pressure, Pm is the maximum safe operating pressure equal

to 1 X 10-6 torr, t is the time required to pump the gas from a pres-
sure of Pi to Pm,-and V is the volume of the cavity initially contain-
ing the gas burst. The computed volumes of the gun and collector

.- cavities for each traveling-wave tube ars listed in Table XXIV,

Table XXIV Calculated volumes of gun and collector
cavities (liters),

TUBE FREQUENCY GUN CAVITY COLLECTOR CAVITY
AM 850 MHz |- 1.8 13.0
AM & FM 2 GHz .550 1.6
" FM 8 GHz .040 - .82
FM 11 GHz .025 , .35
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Assuming that a gas burst attaining a pressure of 1 X 10-3 torr must

be pumped within 10 seconds from either the gun section or the col-
lector section, then the gas conductances of the pumping tubulations

must exceed the values in Table XXV

Table XXV Required tubulation gas conductances (liters/sec).
TUBE FREQUENCY GUN SECTION COLLECTOR SECTION
AM 850 MHz 1.25 8.90
AM & FM 2 GHz .395 1.11
FM 8 GHz .275 .57
™ 11 GHz .182 24

Table XXVI shows the maximum permissible lengths of 1/2 inch and 1 inch
.diameter tubulations required for the gun sections and the collector

sections for each traveling-wave tube.

Table XXVI Maximum permissible tubulation lengths
for gun and collector sections, cm (inches).
TUBE FREQUENCY LG (GUN SECTION) LC (COLLECTOR SECTION)
1/2 inch Dia. 1 inch Dia. 1/2 inch Dia. 1 inch Dia.
AM 850 MHz 20.0 (8) 162 (64) 2.84 (1.12) 22.8 (9.0)
AM & TM 2 GHz | 63.5 (25) 508 (200) | 24.8 (9.0) 182 (72)
FM 8 GHz 921 (39 740 (290) 44,5 (17.5) 355 (140)
M 11 GHz 140 (55) 1110 (440) 196 (42) 890 (330)
The underlined lengths will be used in designing these tubulations.

These tubulations are connected as shown in Figure 106. LG and LC are

the respective tubulations for the gun section and the collector section.

LC is composed of a ceramic isolator to insulate the collector voltage.
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Lc and LG are brazed to a "T" junction,which in turn is brazed to a
stainless steel bellows. This bellows will attenuate shock from the

remote vacuum'openingvdevice"which is shown in Figure 107,

The'remote vacuum opening device is the device intended to open the
‘tube to the space vacuum. 1t is mounted on a fixed supporting plate (A).
The pump-out tubulation (B) is firmly mounted to this plate bybtwo_nuts
(C), which are tightened around the brazed threaded sleeve (D),

At the desired moment, a hermeticaily sealed squib is detonated within
the éower cartridge (E), causing the piston (F) to strike the yoke (G)
with considerable force. The yoke, which is tightly fixed to the upper
portion of the breaking collar (H), breaks the tubulétipn off at the
groove (1), using the point»(J) as a fulcrum., The yoke and broken
tubulation are sent off into space by this action, thué providing the

tube with space pumping of any internal gases,

 The tube can be baked out with its tubulation assembly using this
‘design. The yoke (G) is put in place after bake-out. In order to
facilitate opening of the tubulation, a groove (I) is cut through

the  collar (H) so.that the finished wall thickness is one third of

the original wall thickness of the tubulationl(B). The power cartridge
and piston unit is a commercially obtainable deﬁice,available with
squibs of any desired detonating force, which are hermetically sealed to

prevent any possible gas contamination of the tube in space,

This remote vacuum opening device is successfully used in sounding

rockets.
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3. Materials and Processing

The vacuum emvironment of a traveling-wave tube contains a finite residual
level of gases from the materials used for tube construction. The level

of residual gases within the tube envelope is increased with higher opera-

ting temperatures,

The tube design life can be optimized, when only materials with inher-
ently low vapor pressures at the operating temperatures are used. These
materials must be mutually compatible to assure rugged mechanical design
as well as provide heat transfer to the cooling surfaces with a thermal

margin of safety.

In Table XXVII a list of materials for vacuum tubes and their appli-

cation is given.

The component having the higest temperatures within the gun will be
heaters (900°C to 1200°C) and the cathode (700°C to 950°C). The highest
‘ temperatures within the slow wave structure will occur at the last few
cavities of the structure, with expected maximum temperatures of 300°¢
to 400°C. These temperatures depend primarily on the focusing quality.
The>highest tempefatures within the collector are expected at the first

collector stage, with temperatures up to 300°C to 400°C.

A plot of vapor pressure as a function of the operating temperature for
various tube materials is shown in Figure 108. This figure indicates
that at the ambient vacuum envelope pressure of 10-8 to 10-9 mm Hg a
reasonable margin between the highest operatihg temperatures and the
evaporation temperature is available. Theréfore the selected materials
and temperatures will not significantly raise the residual gas level of

outgassing, particularly after bake-out.
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Table XXVII Materials used in wvacuum tubes,

MATERIAL APPLICATION
Alumina Heater cooling, gun ceramics, dielectric
loading, vacuum seals, windows
Alumina or Beryllia Collector insulators, windows
Copper Circuit structure, collector
Copper - Gold Gun, circuit, collector, and window
brazes
Iron Pole pieces
Kovar . Seal flanges
Monel ' Window supports
Molybdenum Cathode support, pins
Nickel Gun leads, cathode focus electrodes
Nickel - Zirconium ) Cathode base
Platinum Heater and lead welds
Stainless Steel Support structures
1 Tantalum Gun heat shields
Tungsten Heater wire, cathode material
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It is equally important that manufacturing, processing and testing

controls are implemented to obtain an initially clean vacuum envelope.

The following list gives production and processing techniques for high

reliability space tubes.

1. Parts fabrication under controlled cleanliness conditions.

2. Special preparation and cleaning procedures for vacuum

envelope parts.

3. Parts traceable to raw material and manufacturer's lot.

4, Preaging on vac ion pump to remove initial outgassing.

5. Bake-out in vacuum to avoid small leaks caused by external

oxidation.

6. Vac ion pumping to remove outgassing products throughout the

initial tube testing phase,

4, Ion Trapping

The flow of positive ions toward the cathode can be stopped with a
positive potential barrier at the anode. A positive anode potential
of about 100 volts with respect to the potential of the input section
of the slow wave structure is generally adequate to prevent positive
ions from entering the gun region. This method is generally used in
long life space tubes and is therefore incorporated in the tube
designs. 1In addition, the depressed collector also provides an ion
trap for positive ions. The collector has to absorb a major part of
the applied power and thus will produce most of the -outgassing and
ions. Depressed collector operation will trap most of the positive

ions generated in the collector region.
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Thé potential profile of the tdbés is shown schematically in Figure 109;

Thus, the driver section of the circuit and the collector regien con-

stitute positive ion.traps.
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5.. - Long Life Cathodes

Several types of long life cathodes are available which can be considered

for the tube design. These include:

a. The oxide coated cathode
b. The nickel matrix cathode
c. The coated nickel powder cathode

d, The impregnated tungsten cathode

These cathodes utilize primarily the property of low work function
values of Barium (or Barium oxide) for their emission. The characteristics
and life capabilities of these cathode types are fairly well established,

especially those of the oxide coated cathode.

Cathodes must be operated at space charge limited emission during their
. useful life. TIn this case, the current density drawn from the catheode
'is much. smaller than the available electrons from the temperature emission
..of the hot cathode. The exéessive electrons form a space charge cloud
in front of the cathode surface, which acts also as an electric shield

for the cathodé.

When the current density is increased(by increasing the anode potential),
the space charge éloud'is removed from the cathode surface and the emission
becomes temperature limited. Temperature limited emission, however,
cannot be sustained very long in these cathodes. Electro-physical
processes within the cathode lead to a rapid loss of emission (cathode
"poisoning'') and, after some time, to permanent damage to the cathode.

The cathode temperature is a critical factor for these operational
conditions of the cathode. With higher cathode temperatures more
electrons are emitted and space charge limited emission can be maintained
with higher current densities. The required cathode temperature to
maintain space charge limited emission depends on the type of cathode,

as shown in Figure 110. This plot shows that each of the cathode types
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have to be operated above a minimum temperature and emission density for
space charge limited emission. In Figure 110 an upper temperature and
current density limit for each of the mentioned cathodes.are shown.

Above this higher temperature Ilimit the catho&e 1ife is quickly
terminated due to excessive evaporation of active material from the
cathode. The oxide coatéd cathode can thus be operated at rather low
temperatures up to about 76000, but at relatively low current densities
of approximately 600 mA/cmz. The tungsten matrix cathode, on the other
hand, needs temperatures ranging from at least 880°C to approximately
114000, yielding current densities from approximately 600 mA/Cm2 up to
about 10 A/cmz. The life varies greatly for these cathodes as a function
of the temperature and thus also as a function of the current density.
With higher temperatures (and higher current densities) the cathode life
is rapidly reduced due to increased evaporation rates and other processes
which lead to earlier depletion of active cathode materials. Life
predictions for the cathodes as a function of their current density are
shown in Figure 111. These life predictions are derived from an analysis
of the processes involved in the operation of the cathode. These pre-
cesses have been investigated most extensively for oxide coated cathodes.
These cathodes have, therefore, been used almost exclusively for long:
life tubes and especially for space tubes. Life test data and tubes in
the field have confirmed the life predictions for oxide coated cathodes.
These data indicate that the predictions shown in Figure 111 for these
cathodes can be considered conservative and the actual life expectancy

is likely to be higher.

Recently, development efforts have been devoted to the more advanced
cathode types. Some of these cathode types show great promise for
very long life at higher current densities, especially the tunsten

matrix.
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In evaluating the capabilities of these cathodes, the heater and

its life must be considered too. The hdater temperature genérally

has to be approximately 150%¢ to 200°%¢ higher than the cathode tempera-
ture. Excessively high heater temperatures can reduce the heater life.
At heater temperatures higher than 1350°C, the heater wire (tungsten)
recrystallizes amd becomes wvery brittle. At these temperatures the
insulating heater coating (alumina) reacts with the heater wire, resulting
in gas evolvement and oxide reduction. The insulation is then destroyed
and short circuits within the heater coil may occur, leading to hot

spots and to heater destruction. At higher temperatures, tungsten

sublimation also becomes significant.

The heater temperature should therefore be below 1350° for long life

cathodes.
A description of the oxide coated cathode and the other types of
cathodes follows:

23,24
Oxide Coated Cathode ’

The oxide coated cathode consists of a nickel alloy base which is coated
with a mixture of Barium oxide (Ba0) and strontium oxide (Sr0) crystals.
Its superior emission properties are due to the very low work function

of the oxide coating. However, this is true only if an excess of oxygen
vacancies exists in the lattice sites of the oxide crystals. These

oxygen vacancies act as éléctron donors in the oxide coating, which repre-
sents an n-type sémiconductor. The work function of the crystal is then
considerably lower than that of pure barium or strontium. A perfect

oxide lattice structure (without oxygen vacancies) would be a rather

poor emitter. The condition of excess oxygen vacancies in the crystal
does not exist by itself, since there are an almost equal number of
barium (and strontiﬁm) vacancies in the lattice sités of the oxide
crystals. These barium vacancies act as electron acceptors and thus

tend to cancel the emission enhancement of the oxygen vacancies. The
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excess oxygen vacancies are produced by chemical reduction processes.
The nickel alloy base metal cont#iﬁs'teducing agents, such as zircomium
(Zr) and tungsten (W), which diffdse toward the interface surface of

the metal base. At the interface surface the reducing agents react
chemically with the oxides and free barium becomes available, The
barium donars fill the barium vacancies in the lattice structure so that
the desired excess oxygen vacaneies are produced and the coating

becomes an n-type semiconductor.
The reduction processes at the interface surface can be described by:
Zr + 3 Ba0 -~ BaZrO3 4 2 Ba

W + 4Ba0 - BgWO 4+ 3 Ra

4
Barium however has a rather high evaporation rate at cathode temperatures,
and therefore the reduction process must continue during the life of

the cathode in order to maintain the excess oxygen vacancies in the
‘“crystal. Cathode emission therefore depends on the dynamic balance

of barium evaporation and the diffusion of the reducing agents.

The cathode life is terminated when either the barium supply of the

oxides or the supply of the reduciﬁg agénté is exhausted. The thickness
and density of the oxide coating is limited by its adherence to the

metal base., However, at low cathode temperatures, the coating thickness
is adequate to supply enough barium during the cafhode life. 1In this case
the cathode life is terminated by the depletioﬁ of reducing agents.v>Tﬁe
diffusion rate of the reducing agents (Zr and W) to the interface sur-
face is much slower than the dhemical redugtion process and the ’
evapora;ion.of barium., The production of barium by this process is

diffusion 1iﬁited rafher than reaction limited. The slow diffusion

rates of the reducihg agents makes it therefore possible to achieve
long life. However, the diffusion rate does not remain constant but

decreases with time. . This is illustrated in Figure 112 with the .gomputed
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barium arrival ractes as a function of the cathode terperature for a
d.ckel base with d = ,051 cm (.020 1in) thickness. The zirccaism con-
centration in the aickel base is rather critical for the arrival race of
barium. A too small zirconium concentration will produce a toco small
barium arrival rate to sustain emission, while a too high zirconium
concentration will deplete the barium reservéir in the coating too scon.
The abseace of any impurities in the nickel base; which may act as
additional accidental reducing agents, is therefore important for long
life cathodes. Impurities of the nickel alloy base shouid, therefore,

be limitad to less gthan .0Ql% by weight. A high concentration of zirconium
or of impurities is also undesirable because an interfaca resistance
layer is formed at the nickel base surrace. 7his interface resistance
reduces the mecharical adhesion of the coating after severai thousand
hours of operation,and it causes additional cathode heating whicn may
become excessive. Values of the interface resistance may range from

.1 to 100 ohms. Silicon has been found o be the most harmful impurity,
building a BaSiOA resistance layer. The base metal must, therefore,

be especially pure with respect to silicon.

The reducing agent tungsten in the nickel base has a substantially lower
diffusion rate than zirconium:

Diffusion conatant W: 3.8 10”6 cmz/sec

o
(at 7407C) Zr: 1.7 10-11 cmzlsec

Moreover,the reaction of ctungsten is so slow at -athode temperatures

that the barium production by tungsien is reactiun limited rather than
Jiffusion limited. Therefore, the barium arri 1 rate is entirely
determined by the zirconium diffusion.up to abi t 15,000 hours cof opera-
tion. Thereafter,however, the barium production by tungsten becomes more

effective and improves the life cf the cathode (Figure 112),
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The end of the cathode life occurs when the barium arrival rate has

become too small to sustain an adequate number of oxygen vacencies in the
oxide lattice. The emission drops chen from space charge limited to
temperature limited levels and further deterioration will follow. The
necessary minimum barium arrival rate depends not only on the barium
evaporation rate, but also an the vacuum environment of the cathode.

The residual gases released from other tube parts during operation are
ionized bty the electron beam, and some of the resulting positive ions

tend to cause dame~s to the cathode by bombardment or by oxidizing the
~lectron donors, a. effect known as cathode poisoning. The most efiective
2O, COZ’ 892, CO, and 02. The

barium arrival rate must therefore be large enough to replace evaporated

gasses in poisoning the cathode are H

barium as well as barium losses due to poisoning. The poisoning rate
tends to decrease with increasing operating time since the poisoning has a
pumping effect cn the tube vacvum and the vacuum pressure tends to

harden with time.

‘The gas pressure is likely ro be higher in high power tubes due to the
larger tube surfaces and possibly higher temperatures in some components.
Therefore, the minimum required barium arrival rate is likely to be

‘higher for higher power tubes.

It is possible to experimentally determine the minimum required barium
arrtval rate for a specific tube with the dip testzs. With the dip
:test, the cathode temperature is temporarily reduced, which lowers the
fbarium arrival rate. The critica! minimem barium arrival rate, which

_ determines the life of the tube, can be detected by observing the work"
tunccion, since the work function changes at the critical barium arrival
rate. With this method the critical barium arrival rate of the tube
cathode shown in Figure 112 has been estimated to:

10

f-‘1.8 X 10'3 micromoles/cmzlsec(itlo atoms/cmz/sec)
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Generally, a minimum barium arrival rate in the order of

10lo to 1011atoms/cm2/sec

is found necessary in.long life tubes with oxide cathodes.

The oxide coating is unstable in the presence of atmospheric water vapor.
The coating is therefore applied in the form of corresponding carbonates.
The carbonate powder is mixed with an organic binder (nitroecellulose

or polybutylmethacrylate) and a solvent (amylacetate), This mixture

is either sprayed or brushed onto the cathode base. The binder is
removed after the initial pumping during.the bake-out process at approxi-

mately ZOOQC, when it evaporates,

The remaining carbonates are decomposed during the later cathode break-

down process. The oxides are formed after 002 has been remowed by pumping

at approximately 700°C. This is followed by the activation process of

the cathode, which is accomplished at temperatures ranging from 900° to

1150°¢C. During activation the diffusion process of the reducing'agehts

in the metal base is initiated, and the subsequent reduction at the inter-

face establishes the semi-conducting properties of the coating. The activation

is generally enhanced by current flow through the cathode due to the

resultant electrolytic dissociation in the coating.

The activation temperature and time are ctitical parameters to obtain

long life cathodes.

It was found that triple carbonates (Ba, Sr, and Ca) can be faster
activated than double carbonates (Ba'and Sr), but their adherence to
the nickel base is generally poorer, and peeling of the coating may then

occur. Double carbonates also are found to yield better cathode life.
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Before the tube is being operated, a tube aging process is required at

operating temperatures. Long life tubes generally are aped over a

considerable time., The aging temperature and time are important to

achieve long life.

In Table XXVIII below the most common causes of cathode failure and their

prevention are listed.

Table XXVIII

prevention,

Failure causes for oxide coated cathodes and their

CATHODE FAILURE

CAUSE OF FAILURE

PREVENTION

Coating Evaporation

Cathode temperature

too high

Redesign cathode with
larger area and lower
current density and
temperature

Formation of Inter-~
face layer

Impurities (S1i) react
with barium

 Peeling of Coating

Formation of inter-
face layer

Select base metal with
adequate purity

Cathode Destruction
by Ion Bombardment

High residual gas
content

} Loss of Emission

Cathode Poisoning

Better tube processing
and pumping

' Depletion of reduec~

ing agents in base
metal

Use thicker base metal
or increase concentra-~
tion of reducing agents

Heater Failure

Recrystallization of
tungsten

Reaction with Alumipsa
coating

Lower heater tempera-
ture (below 1350°C)
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26
The Nickel Matrix Cathode

Two methods are known to produce a nickel matrix cathode.

The pressed cathode is made by pressing together a mixture of powdered

barium~strontium-carbonates and nickel powder and sintering the pressed

material at 100000 to metal base.

The nickel powdered cathode uses nickel oxide or nickel oxalate powder,

which is sintered to the metal base. The carbonate suspension is brushed

or pressed into the matrix,

With both methods a porous mickel matrix cathode is produced with a
porosity of approximately 50 percent. Reducing agents, such as zirconiuh,
tungsten, or magnesium, are added to both the nickel base metal and to

the nickel powder (matrix).

The nickel matrix cathode has a greatly improved electrical and thermal
conductivity of the coating, as well as much better bond of the coating
tdlthe base metal, and a larger volume of the coating can be applied.

As a result the cathode resistance of this oxide is very low. This pro-
vides better proteétion against arcing at high voltage and current‘density
operation and improved resistance against damages by ion bombardment. This
cathode is capable of long life operation‘with higher current densities
from 600 mA/cm? to 1000 mA/cmz, but with higher cathode temperatures,

in the range of 840°¢.

The nickel matrix cathode requires a much longer activation time than oxide
coated cathodes, approximately four to five times as long. The nickel
matrix cathode has a tendency to grow felatively large single barium oxide
crystals in the coating. These crystals do not exhibit oxygen vacancies
and therefore degrade the emission and disturb the diffusion process, lead-

ing to inhomogeneities, . Nickel matrix cathodes also tend to shrink excessively,
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They produce a relatively high residual gas content. Thehigher cathode

temperatures make the heater design more ciritical.

, , 27
The Coated Nickel Powder Cathode (CPG)

This cathode type can be considered as a modification of the oxide coated
cathode and to some extent of the nickel matrix cathode. The cathode is
produced in a very similar fashion as the oxide coated cathode. However,
each triple or double carbonate particle is coated with a thin nickel layer.
This is accomplished by heating the barium-strontium-carbonate solution
(using amylacetate or solvent) to approximately 100°C and flushing the

hot solution with carbonyl nickel (Ni(CO)A) suspended in hydrogen gas.

The carbonyl nickel powder is suspended in an inert liquid and a

hydrogen flow through this liquid carries the material in suspension to

the hot carbonate solution.

The carbonyl nickel is thermally decomposed and forms a nickel coating

on each of the carbonate particles. The nickel coating process is followed
by a dry nitrogen flush. The coating process is rather critical with
respect to the temperature, the concentration of the mixtures, and the
purity of the materials. After the nickel coating is applied, a binder
(nitrocellulose or polybutyl-methacrylate) is added and the solution can

be sprayed onto the nickel élloy base in the same fashion as for the
conventional oxide coated cathode.The cathode processing and activation
procedure is also the same as for conventional oxide coated cathodes.
During the cathode breakdown process the continuity of the coating nickel

film is broken by escaping CO2 and the coating is sintered into a nickel

frame.

This cathode exhibits superior electrical and thermal conductivity and
outstanding coating adhesion to the metal base as compared to the oxide
coated cathode. The work function of this cathode is almost as low as
that of oxide coated cathodes, permitting low cathode temperature opera-
tion in the range of 700°¢ to 800°C, while the current densities can be as
high as 1,000 mA/cm2 for long life operation as a result of the improved

properties of this cathode.
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The coated nickel powder cathode achieves thermal and electrical condéctivities
of its coating which are comparable to those of the nickel matrix cathode,

~ permitting equally high current densities. This is accomplished, however,
with a much lower percentage of nickel in the coating frame of enly approxi-
mately 3 percent by weight, compared to the 70% to 80% nickel by weight

of the nickel matrix cathode. This provides the much lower work Function
of the coated nickel powder cathode and, therefore, its lower operating
temperature compared to the nickel matrix éathode. The formation of the
large single barium-oxide or strontium oxide crystals during the processing
generally does not occur due to the lower processing temperature and the
inhibiting mickel film coating. These large single crystals are observed

in nickel matrix cathodes; they cause deep donor depletion layers and'deg:a-

dation of the emission.

The coated nickel powder cathodes can be procesded and activated within
a much shorter time than nickel matrix cathodes. Their processing tem-
peratures may be temporarily raised to 1100°¢C for improved outgassing of

the heater and cathode.

The nickel frame of this cathode is gradually evaporated and must be
replaced by sublimation of nickel from the base into the coating, which
is accémplished when the wvapor pfessure (and temperature) of the nickel
base is high enough.= With insufficient nickel sublimation the coating

is gradually transformed into a conventional oxide coating. The life

of this cathode is genefally limited by the-supply of the reducing agents
(r and W) of the nickel base, invthe same fashion as for oxide coated
cafhodes. The barium arrival rate is also diffusion limited. Thus the
C.P.C. cathode combines the advantages of the oxide coated cathode with-

those of the nickel matrix cathode.
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28,29,30,31
The Impregnated Tungsten Cathode : -

The impregnated tungsten cathode is widely used in high power tubes, when

high current density operation is required.

The porous tungsten body is produced by sintering pressed tungsten powder
at temperatures of 2400°c. Optimum cathode performance can be obtained
with a tungsten powder particle size of about 5y and an impurity content
(iron, oxygen, and silicon) of the tungsten of less than .002%. The

optimum porosity of the sintered tungsten body is found to be 177 to 19%.

The sintered tungsten ingots are then impregnated with OFHC copper

at 1350°C in a dry hydrogen atmosphere. The molten copper penetrates

the tungsten body by capillary action. The copper impregnated tungsten
should have a density of 17.5 g/cm3; it can then easily be machined, such
as turned, drilled, milled, and polished. The copper serves as a filler
and lubricant for the machining operations and accurately controlled sizes
and dimensions can be achieved for a variety of cathode shapes without
damages to the surfaces. The copper is then completely removed by evapora-
tion at 1800°C in a vacuum furnace. This is accomplished without shrinkage
as a result of the much higher sintering temperature (2400°C). The final
cathode impregnation is then applied to the surface of the porous tungsten
body. The impregnation consists of barium oxide, .calcium oxide, and alu-
minum oxide powder suspended in a butyl methacrylate or benzene solution
with an organic binder. These oxides have been produced by melting
>together 5 moles barium carbonate, 3 moles calcium carbonate, and 2 moles
aluminum oxide.powder at 1700° in dry hydrogen atmosphere. The amount

of the calcium carbonate is ﬁot critical, but a minimum of .3 moles is

required.

The impregnated tungsten cathode is then vacuum heated to 1700°c. This
melts the impregnant and draws it into the tungsten pores by capiliary
action. After impregnation the cathode should have a weight increase

of 5 percent.
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The impregnated tungsten cathode has to be attached to a supporting
structure; however, care must be taken to avoid bonding materials with
reducing action on the aluminate. Platinum {s-alse undersirable:for bende
ing since platinum tendé‘to migrate to the cathode surface and to increase
the work function. Molybdenum is most frequently used as a support

structure material, but the bonding generally is difficult to achieve.

The processing and activation of the impregnated tungsten cathode is
relatively simple. After the bake-out, the cathode is activated at
1200°C with current being drawn. The cathode is then aged at 1100°C and
tan then be operated at 1000°¢ to 1080°C. Typical cathode temperatures

as a function of the cathode loading are:

Temperature Current Density
970° 2.5 A/gn’
108000 54/ cm,

1130°C 10A/cm

The emission of the impregnated tungsten cathode corresponds to a work
function of 1.67 V compared to 4.54 V of tungsten. This low value of A
thé work function and its resultant high emission is interpreted as being
produced by the existance of a monoatomic layer of barium and oxygen
atoms at the cathode surface. The barium atoms are produced by reduction
of barium oxide by tungsten,lcorresponding to a reaction of: .

6 Ba0 + W -~ Ba3W06 + 3 Ba

2 Ba3 WO6 +7W->, 3 BaWO4 + 3 Ba
The presence of calcium oxide is assumed to lead to an emissioh increasé

from the ends of the pores and to reduce the barium evaporation.

The barium reaches the cathode surface partly by migration over internal
surfaces, but primarily by "Knudsen-flow' through the pores. The porosity

of the tungsten body, therefore, influences the evaporation rate from the

cathode surface.



The cathode life is terminated when the barium flow rate becomes too slow
compared to its evaporation rate. In Figure 113 the evaporation rates 6f

the materials used in an impregnated tungsten cathode are shown as func-

tion of temperature.

To achieve good emission the cathode must completely be covered with
barium. It has been found that less of emission is suffered by poisoning,

when vapors of H,0, CO SO COo, or O

2 97 9 2 oxidize the monoatomic layer.
Other emisdon damages can be caused by organic vapors, which may carbonize
at the cathode or by hot metal vapors of titanium, nickel, iron, or
chromium which may alloy with tungsten. It was found that a thin osmium
coating at the cathode surface lowers the work function and improves the

emission; however, osmium also evaporates readily.

Impregnated tungsten cathodes produce a rather high evaporation rate of
barium due to their high operating temperatures. This may cause excessive
deposition rates of barium on other parts of the gun, such as the focusing

anode, grids, or the anode. Leakage currents and grid emission may then

occur,

Wﬁen coated heafers are used for higher temperatures, the heater coating
can react with the tungsten filament, resulting in evaporation of cathode
poisoning substances, which limits the acceptable heater temperature to
1350°c. However, uncoated tungsten heaters may be used up to tempera-
tures of 1600°¢C béfore severe recrystallization occurs. Coated heaters

should be connected to the cathode to avoid destructive electron bombard-

ment of the coating.

The advantages of the impregnated tungsten cathode may thus be listed as
follows:

1. High current density capability

261



EVAPORATION (g /cm?/SEC)

10

107

107

10"

o™

10™'®

lo-‘s‘! ‘

1 } i al | | 1 |

625 714 833 1000 1225 1667 2500 5000
TEMPERATURE (¢ K)

Figure 11% Evaporation rate of cathode materials
of impregnated tungsten cathode.
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2. High resistance of the emitting surface against ion bombardment and

arcing
3. Very low cathode resistance

4. High resistance against poisoning. Cathode can be reactivated by

short overheating after severe poisening

5. The catheode can be reactivated after exposure to air.

Recommendations for the Choice of a Cathode for the Tube Designs

From the previous diécussions, it can be concluded that the 850 MHz

and 2 GHz tubes should beaprovided with oxide coated cathodes. The
cathode loading of these tubes is very low and,comparitivelyylow cathode
temperatures can be used, so that the barium evaporation can be kept very
low. This is important in view of the grids being used in conjunction with
the traveling-wave tube modulator. With low evaporation rates, the grids-
can be expected to maintain their characteristics during the life of the

tube.

For the 8 GHz and 11 GHz tubes, an impregnated tungsten cathode is proposed.
The requifed current densities for these tubes are relatively low for
impregnated tungsten cathodes, and superior life can be expected. These
tubes could also use oxide coated cathodes with shorter, but still adequate,
life expectancy. The impregnated tungsten cathodes provide additional
reliability due to their incrgased resistance against ion bombardment and
poisoning.” The coated nickel powder cathode coulll be used for these

tubes tob,‘but for this cathode type no.lifé data are yet available.

A list of the cathode recommendations follows in Table XX1IX,

263



Table XXIX Recommended cathodes.

TUBE . 850 MH=z 2 GHz AM ] 2 GHz ™M 8 GHz 11 GHz
Shadow Grid yes yes " no no . . no
Cathode 2 2 2 2

Loading 78 mA/cm 142 mA/cm 470 mA/cm” 490 mA/cm
Cathode Type Oxide coated cathode Impregnated tungsten

cathode
Cathode ° o o o '
Temperature 700°C 730°C 950°C 950 C
Cathode Life
Expectancy , >50,000 hours >50,000 hours
Remarks Very low cathode loading per- Cathode loading is
mits low cathode temperatures low to permit very
with low barium evaporation long life operation
hfor grid protection and very with impregnated
long cathode life. tungsten cathode.
~Np grids, therefore
higher cathode
temperatures are
pefmissible. |
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B. LIFE CONSIDERATIONS FOR HEAT PIFE

1. General

The heat pipe cooling syétem permits operating temperature for the
high power tubes which are only slightly higher than the operating
temperatures of present day medium power space tubes for communica-

tions.

The low temperature cooling system is considered essential

for the long life capability of the tubes. The heat pipe system is
designed for high reliability and long life, since it provides
abundant heat transfer by the multiple independent parallel heat

pipes in the radiator system. The radiator system is not electrically
insulated and therefore all metal. This permits use of structural
elements which can be easily sealed. The inner dielectric heat pipe
package provides in addition to excellent heat transfer, reliable elee-
tric insulation. Such dielectric heat pipe systems are presently in
development for high power traveling-wave tubes. Life tests with
such systems indicate that operating life of.several years can be
’expected with these systems. Life data in excess' of 10,000 hours so

far have been achieved without degradation.

The low operating temperatures further emhance system reliability. The
maximum temperature change for a long term shut&own (more than 24 hours)
would only be 250°C. The contraction of material would then be very small,
All heat pipe parts are constructed of stainless steel to keep thermal

stresses small.

Start-up of the heat pipe from a.frozen state during temperature cycle is
of particular interest, since heat pipes with fluids such as bismuth or

water have sometimes burst at low temperatures or exhibited hot spots
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during start-up. The start-up ptbcess from the frozen state to the op-
erational liquid state of a cooling system using organic fluids, however,
is not expected to interfere with the heat pipe operation., The fluid
contracts upon freeiing,”but the evaporation heat at the melting state is
much larger than the melting heat for these fluids. (For example, Dow A
has a 1atent‘e§aporation heat of 165 Btu/lbs compared to its latent heat.
of melting at 40.2 Btu/lbs.) The heated frozen fiuid will therefore
meit much more rapidly than it will evaporate, and hot spots due to local
vapor pockets are not.iikely to occur. These conclusions were fuily

confirmed with freezing experiments of heat pipes at Hughes.
A Dow A heat pibe system was repeatedly frozen to 10°c and 100°C below
its freezing temperature and restarted without any degradation or

changes in the operation.

2. Meteoroid Damage

The weight of the cooling system depends on the probability of puncture -
by meteoroids. Extensive data are available on concentration_of meteoroids
in spacé. Typical accumulated data are shown in Figure 114?2, The

data on particle concentration can be combined with results obtained

from tests on hypervelocity impacts, From these data the penetration
probabily of a material with a given thickness can be calculated. The
average time to penetrate an aluminum spacecraft skin is shown in

Figure 115 3. The time scale can be increased by a facter 10 for steel.
Therefore a steel skin shrouding with .020 in (.0508 cm) thickness is

adequate to protect the spacecraft against meteoroid penetration over

a period in excess of 10 years.
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Xi. POWER SUPPLY REQUIREMENTS

A. GENERAL

The high efficiency of the tube designs is achieved with a multi-
voltage jump taper on the circuit and a four-stage colleétor. A

schematic of the required power supplies is shown in Figure 116..

The tube is operated with a cathode supply, circuit supply, collector
supplys;and heater supply with the driver section of the slow wave
structure being grounded. The high frequency tubes (8'GHz and 11 GHz)
also require a power supply for the solenoid. The cathode supply, anode
supply, and circuit suppiy have to provide the required tube potentials,
while the collector supply has to primarily provide the poﬁer. Both

the citcuit supply and the collector supply have a number of voltage
taps for the circuit sections and the collector stages. In Table XXX
the required tube voltages and currents for these supplies are listed.
The listed tap voltages for the circuit and collector supplies are

taken between the negative supply terminal and the tap terminal.

For the loading of these supplies it has been assumed that the driver
section of tﬁe circuit has 3% current intercéption, while any of the
voltage jump sections may have up to- 1% current interception. The

anode is assumed to intercept up to 1% of the beam current. The col-
‘lector currents have been determined from the computed spent beam energy
distribution, including estimated velocity sorting deficiencies and

secondary backstreaming. -

It should be mentioned that the'listed power supply loadings for the

AM tubes represent peak values. All currents (except the heater supply)
will vary from these peak values to practically no current as a function
of the amplitude modulation, while the relative current distribution
will remain approximately constant with time, except for the collector
loading. The collector loading will shift at lower modulation levéls

(and beam currents) to lower collector potentials,
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Table XXX Power supplies for voltage jump taper tubes with four stage
collector,
850 MHz - 2 GHz 8 GHz 11 GHz
TUBE  AM AM & FM ™ ™
Power QOut 7.6 kW 5.2 kW 5.1 kW 5.1 kW
Cathode Supply 16 kv 13 kv 12 kv 14 kv
I ax. 15 mA 9 mA 9 mA 9 mA
Anode Supp]_y 100 v 100 v 100 v 100 v
Imﬁx- 0-5 mA 0-3 mA 0-3 mA 0-3 mA
Heater Supply 12.0V 9.0 V- 6.3V 6.3V
2,77 A 1.70 A 1.19 A 1.01 A
1 5.15 kv 4,66 kV 4,80 kv 5.6 kV
2 6.62 kV 6.95 kV 7.90 kv 9.56 kV
3 8.08 kv 9.24 kV 11.0 kv 13,52 kv
Circuit Supply 4 9.55 kv 11.53 kv 1428 gx 17.50 kv
5 11.01 kv 13.81 kv - -
6 12,48 kV 16.10 kv - ——
7 13.94 kv - - ——
8 15.40 kv ——- - -
1 (each) 0-5 mA 0-3 mA (0-3 mA) 0-3 mA
max ‘
a 22,5 kv 25.3 kv 20.9 kv 26.60 kv
208 mA 114 mA 136 mA 191 mA
b 19.1 kv 22.2 kv 18.95 kv 19.11 kv
Collector 143 mA 100 mA 125 mA 66 mA
Supply
c 16.3 kv 19.8 kv 15,75 kv 13.10 kv
135 mA 70 mA 48 mA 28 mA '
d 0 5.3 kv 1.31 kv 1.45 kv
19 mA 14 wA 17 mA 13 mA
ITOTAL 505 mA 298 mA 346 mA 298 mA
Solenoid Supply - -- 14,3 v 15,2 v
28.6 A 22.9 A
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The average supply loading feor the AM tubes is estimated to 407 of
the listed peak values.- The long term stability (load regglation)
requirements for thése supplies have been determined to keep gain
and efficiency changes by voltage variations negligibly small. The
moét critical long term regulation is required for the heater supply
which has been specified to keep the cathode temperature variations.
AEC with

AT, = + 20°%.

The short term load regulation (maximum voltage ripple) takes also

phase variation due to voltage ripples into account. Such phase.
variations are causédvby;VOICage variations of the cathode and cir-
cuit supply; Its regulation has been determined to keep these phase
variations by an order of magnitude smaller than the permissible
phase variations over the frequency range. The regulétion require-
ments for the FM tubes are therefore almost an order of magnitude

“smaller than those for the AM tubes,

The resultant voltage regulation requirements are listed in Table XXXI.
B. TURN-OFF AND TURN-ON PROCEDURES

The turn-on and turn-off procedures for the tubes are designed primarily
to protect the cathode against temperature limited emission, bThe cathode

must therefore be hot when the voltages are turned on or off. This can

be accomplished with the Alternate I precedure listed below:

272



Table XXXI

Voltage regulation requirements.

MAXIMUM RIPPLE LONG TERM
v &V
v v
o o
+ .1%
Cathode Supply + 1%
+ .02%
Anode Supply + 5% + 5%
Heater Supply (de) Not Critical + .1%
+ 1%
Circuit Supply + 2%
+ .2%
Collector Supply + 2% + 2%
Solenoid Supply
(8 GHz and 11 GHz + 5% + 2%

only)
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ALTERNATE I

A. TURN-ON
Step 1, Turn on: heater supply'
anode supply
’qiréuit supply
collector sﬁpﬁly

solenoid supply .
(8 and 11 GHz only)

Step 2, 5 minutes after Step 1 turn on cathode supply.

B.  TURN-OFF
Step 1.  Turn off cathode supply
Step 2, 10 ms after Step 1 turn Off:”

' “anode supply
circuit supply
collector supply
heater supply

solenoid supply
(8 and 11 GHz only)

Some coupled caviﬁy tubes tend to break into transient oscillations
during the switching periods for the cathode supply voltage. An
Alternate II procedure is suggested in this case, which eliminates
such transient oscillations. With this procedure the anode remains

shortened to the cathode during the cathode voltage switching period.
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ALTERNATE II

A.

B.

TURN-ON

Step 1.

Step 2.

Stép.B.

Step 4.

TURN-OFF
Step L

Step 2.

Step 3.

Short cathode - anode terminals
Open anode supply connection
100 ms after Step 1 open:
heater supply
circuit supply
collector supply
cathode supply
solenoid’supply (8 and 11 GHz only)
5 minutes after Step 2 open short between cathode-

anode terminals

100 ms after Step 3:
‘reconnect anode supply

turn on anode supply

Turn off anode supply
Open anode supply connection
100 ms after Step 1 short cathode - anode
terminals
100 ms after Stép 2 turn off:
" cathode supply
circuit supply
collector supply
heater supply

solenoid supply
(8 and 11 GHz only)
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C.. DESIGN CONSIDERATIONS FOR ELECTRONIC POWER CONDITIONER

The power requirements for a voltage jump taper traveling- wave

tube with multi stage'collector present some unique requirements

on the electronic power conditioner design. The amount of dc power
required for this tube is two (2) orders of.magnitude higher than that
for present space type traveling-wave tube amplifiers. The voltage
levels required are an order of magnitude higher, and the number of
indepéndently regulated voltage levels needed vary from 10 to 14 -
depending on the output RF power. Traveling-wave tube amplifiers

in space use today require 3 to 5 regulated voltage levels, some

of which employ a common regulator. The requirements for the EPC for
a voltage jump taper traveling-wave tube with multi stage collector
are therefore wunique to the extent that the dc power, voltage levels,

and the number of voltage levels required are much higher than provided
by current desi gns.

The most critical design constraint on the electronic power conditiomer

is the requirement of high efficiency. A high electronic power con-
ditioner efficiency is necessary to obtain high system efficiency. A

. crucial requirement on efficiency may come from the thermal constraints

in a spacecraft, A traveling-wave tube amplifier with 5 kW RF output

and an overall efficiency of 67% would generate approximately 2-1/2 kW

of heat in a fairly localized region.

Though some of the electrical parameters of the electronic power con-
ditioner are, for high power traveling-wave tubes, more demanding

than for low power traveling-wave tube amplifiers, the electrical re-
quirements can be met with a state-of~the-art design approach. A con-
ventional switching regulator could be used to provide a well regulated
input voltage to the dc-dc as shown in Figure 11l7. Using this approach,

the dc-dc converters would have to provide load regulation, since the
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load will change with modulation (for the AM tubes). The overall
efficiency of this electronic power conditioner would be between 70 and

85% depending on the required load regulation.

‘The conventional approach to this_déesAnot'ptrovidef high efficiéxicy_ -and
may not be optimum from a reliability point of view; the power density
required in the common regulator may be excessive for reliable operation.
Another approach, which would provide an improved EPC efficiency and
other realizable advantages, is shown in Figure 118. This approach
features a highly efficient self-fegulating dc-dc converter. The con-
verter is made self-regulating by sampling the output voltage and com-
paring it with a reference voltage. The error'voltagevresulting from
this comparison determines the pulse width of the base drive control’
square wave, It is important to understand that the output of the base
drive control circuit does not provide the base drive; The base drive,
as well as the power for the inverters, is taken directly from the un-
regulated input. Since the cont;ol circuits in this self-regulating
dc-dc converter operate at 1ow>voltages and low currents, it seems

- feasible that all circuitry outside the high voltage converter could

be contained on one integrated circuit chip, and the same chip would

be used in all converters., The high voltage converter will be the only
part of this design that has to handle high currents and withstand high
voltages., Several techniques héve been used ih high voltage design for
space use. Considerable study and experimentation might be required to
arrive at the best materials and techniques for the design of the high
‘voltage converters, One apprdach that can provide the desired pro-
tection against corona, and be light weight at the same time, is to
have high voltage converter in a vacuum with a squib that can be

blown after reaching orbit.
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XII.  TRAVELING-WAVE TUBE MODULATOR

In Section IV F a new scheme was deseribed which permits linear
amplification of AM signals with very high efficiéncy. This method
uses -a dual tube approach: a driver tﬁbe1(preamplifier)~which"amplifies
an FM signal, and a traveling-wave tube modulator. This travéiingwwave
tube modulator incorporates é modulation grid for the amplitude modu-
lation. This system works effectively only when no (constant level)

FM signals are present within the AM signal. It is therefore necessary
to separate the audio FM signals with filters and amplify them separafely

with an FM amplifier.

The audio FM amplifier and fhe driver tube can operate at saturation,
since they have to handle only FM signdl&; They can therefore be‘designed
for very high efficiency. Their required power levels are low enough'

so that a light Qeight»highly»efficient helix tube can be used. 1In

the following the design characteristics of these helix tubes is dis-
cussed, and the design considerations for the traveling-wave tube

modulator grid and its characteristics are féviewed.
A. HELIX DRIVER AND FM AUDIO TUBES

Helix tubes can be designed for very high efficiency, since the helix

-slow wave structure may provide a high interaction impedance. Unlike

the coupled cavity circuit, the helix circuit uses its fundamental

mode for interaction, which is inherently stronger than the space harmonics.
High interaction impedance for helices requires a small design value of

VA For the present tubes rr, is chosen to
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This is a value to obtain optimum efficiency and high interaction impedance.
With such low YT, choices the helix becomes more dispersive, and its band-
width capability is then reduced. Helix circuits are therefore generally
designed with larger 7T, values. For this application, however, the

large bandwidth capability of the helix is not needed and the reduced
bandwidth capability at the lower 7T, value, with 5 to lO%.bandwidth, is

more than adequate.

The interaction impedance of the helix is also a function of its con-
figuration, including the helix support structure. Such a helix assembly

is shown schematically in Figure 119. To achieve high interaction impedance,
the loading by the dielectric support rods and the external metal envelope
should be as small as possible. This can be accomplished by choosing

a dielectric material for the support rods, which has a small dielectric
constant and small losses, and by chosing a large ratio of the metal

shield radius r  to the helix radius r. There are several dielectric
materials available for these requirements; however, the heat transfer

capability of these materials is also of concern, especially for

Figure "119

Helix assembly.
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the ™ audio tube, which has to operate at relatively high power levels.
Therefore, beryllium oxide ceramic is chosen for the support rods. Beb
has a relatively low dielectric constant (¢ = 6), its losses are vefy

low, and it provides butstanding thermal heat transfer due to its ex-
cellent thermal conductivity. This material is generally used for helix
tubes with high power levels. The assembly technique for ﬁhe helix is

also of concern for good heat transfer. For the power ievels of the

driver tube the conventional "triangulation technique'" is entirely adequate.
This technique assures good heat transfer between helix and'roﬂs; and be-
tween rods and the metal envelope, by mechanical compression. For the
higher power levels of the FM audio tubes,however, the triangulatien
method becomes marginal. In this case the newly developed brazing
technique appears to assure much better the required reliability and

life. This technique achieves substantiaily higher power capability"

for helix tubes (up to several kilowatts CW at S-band) because of a greatly
improved heat transfer due to an all brazed structure (helix-BgQ rods

and rods-metal envelope). This technique, however, is &aﬁﬁiﬁ;liﬁﬁp ~
difﬁicult to achieve, primarily_&ue to the differential thermal. expansion
coefficients of the rods and the metal envelope. It is therefore necessary
to use a composite barrel envelope, which consists of metal rings with
different thermal expansion, so that its compbsite expansion ma;ches that
of the rods. Life data for these types of tubes are.not yet available.

It is proposed to use the brazed comstruction for the 2 GHz FM audio

tube, while the 850 MHz tube, which is much larger, is constructed with

the triangulation technique. Extensive cold tests with both alumina

and beryliia rods héve_been carried out, apd'it was found that a very high

interaction impedance K of

K = 180 ohms
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can be achieved with beryllia rods at rr, = .8 and a large shield radius
to helix radius ratio of
r

= -2.3.
r
a

This configuration is used for the design of the helix tubes. The loss

constant o was measured at S-band to
o = ,025/cm .

The loss constant & is assumed to vary with the frequency and impedance

as

/2

)t

1
a = proportional (f)
for the high efficiency computer design analysis.

Helix tubes can readily be focused with a light weight periodic permanent
magnetic focusing structure as shown in Figure 120. The magnetic period
L is chosen to provide high focusing stability for the high efficiency

design. A large value of 52 is therefore chosen,or
I .

"
L > 4.

In order to obtain good beam transmission, the beam radius to helix

radius ratio was chosen to
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TUBE BARREL r,

Figure 120 Helix PPM fbcusing configuration.

A magnetic peak field B of

B=2\FZB°

with

B0 = "Brillouin" field,]'8

is provided as the focusing field, taking streng beam bunhhing and RF

defocusing into account. The cathode is magnetically shielded to assure
minimum beam ripples in conjunction with optimized beam launching condi-
tions of the gun into the focusing fieldgzn It is necessary, however, to

use platinum cobalt magnets to achieve the required fields. The beam
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VELOCITY

area convergence of the gun can be chosen to achieve a low enough

cathode loading ic of -
. 2
i < 500 mA/cm
to assure long cathode life.

Velocity resynchronization is used for efficiency enhancement. These
techniques have recently proven successful for helix tubes also, result-
ing in 55% efficiency with a voltage jump at S~-band (Figure 10). For
the helix tube designs, however, a more ad?anced efficiency enhancement
scheme, a combination of a voltage jump and a velocity taper, is used,
The design is illustrated in Figure 121. A voltage jump of Vj = 1.4 Vo

is followed by a velocity taper of v, = .6 v For this combination

t .
the computer analysis predicts efficiencies of approximately 65% with the
collector grounded (Vc = Vo). This design approach is used for all helix
tubes., The associated power supplies are illustrated in the diagram of

Figure 122,

VOLTAGE JUMP
\ (1.4 Vo)

DC BEAM
VELOCITY
(Vo) (Vo)
—— - g . —— — — —— — - —— e ~ Vo
/ S COLLECTOR
CIRCUIT VELOCITY 1IN '
VELOCITY TAPER 6v

) o 0

AXIAL DISTANCE

Figure 121 Velocity profiles for helix tube with voltage jump and velocity taper,
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Helix tubes are already well proven for space applications. Design and
construction techniques have been perfected to achieve rugged structures

suitable for space environment and proven high reliability and long 1life.
In Table XXXII the design parameters for the helix tubes have been listed.
B. THE MODULATION GRID

The traveling-wave tube modulator achieves very high efficiency amplifica-
‘tion of the AM signal, The key to its operation is the modulation grid,
where the FM carrier signal and the modulation are recombined in a linear
fashion. Certain éharacteristics’afe required of the modulation grid and
its drive characteristics. These include its dc gfid bias voltage, its
frequency response, its required maximum modulation drive level, and its

effects on the beam focusing.

A typical grid characteristics of a shadow grid gun used in a traveling-
.wave tube is shown in Figure 123.. This grid characteristics is not signi-
ficantly different from that of a conventional grid, and -a conventional

grid may be used instead for the traveling-wave tube modulator.

The design requirements for the operation of a traveling-wave modulator

have been discussed in Section IV F.

At the lower modulation limit of the AM signal (20 dB below the maximum
level) the grid drive becomes zero and, consequently, also the beam curreﬁt
produced by the grid modulation. At this condition the traveling-wave
tube modulator gain is required to be zero also. However, in view of

the gain characteristics of a traveling-wave tube, which produces nega-
tive gain with very small beam currents as illustrated in Figure 124,

a small dc¢ current Io has to be provided to the tube in order to obtain
zero gain at the lower AM signal level limit. This de¢ current is produced

by a positive grid bias voltage Vgo (Figure 51).
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Figure 123 Typical shadow grid characteristics (Hughes 116 CG
gun).
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The input admittance of the grid must be independent of the frequency

of the modulation signal, and its phase delay is required to be constant
over the modulation frequency bandwidth (6 MHz) in order to meet the
linearity requirements. The input admittance of a grid can be represented
by an equivalent circuit as shown in Figure 125, Its input admittance
can be considered to consist of a grid capacitance Cg, which is loaded
electronically by the electron beam with an electronic capacitance Ce

and an electronic admittance Ge. In addition, an external admittance
load GL is applied to the grid also. This external load has to be

large enough so that the input admittance of the grid is independent

of frequency. The bandwidth Afg of the grid admittance can be considered
adequate when it is much larger than the operational bandwidth Afm of

the modulation signal or

VAN RPN S
g m

A bandwidth of the grid admittance of
AF ~ 20 MHz
g

was therefore chosen. This requires that the external load admittance

G. must be as large as

L

G, ~ 2n AMf C .
L g 8

6. TG

r===__]

R VR

R
el
i)

O

o

Figure 125 Grid input admittance.

291



The grid capacitance Cg is primarily produced by the capacitive load-
ing of the grid support, rather than by the grid wire itself. 1Its
value is generally found in the order of

20 to 30 pF
but with careful design a grid capacitance of

C_ = 20 pF

g P

can be achieved,
This requires a value of the external grid loading RL of

R, = 500 ohms
to provide the desired bandwidth for the modulation grid.
The grid characteristics of the gun are generally defined by the u factor,

This factor defines the ratio of the anode potential (Vo) to the grid

voltage for full perveance operation of the gun, or

0Q< |o<

A large value of the y factor is therefore desirable in order to keep
the value of the required modulation grid modulation power small. The
value of the u factor can be larger when the gun perveance is smaller.
For the low perveance designs of the traveling-wave tube modulators, the
value of the y factor is estimated to

RSN

w=100..
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for both the 850 MHz and 2 GHz tubes. The required peak grid modulation

voltages Vg are therefore

Vg (850 MHz) ~ 160 V
Vg (2 GHz) ~ 130 V.

The required peak grid modulation power Pg is therefore approximately

Pg (850 MHz) ~ 51 watts
Pg ( 2 GHz) x~ 34 watts.

The modulation amplifier (Figures 55 and 56) has therefore to provide a

power gain of approximately 20 dB.

The modulation grid will affect the gun design. The insertion of a
grid or shadow grid into a gun will generally have a perturbing effect
on the electron optical gun characteristics. The trajectories of a
‘gridded gun are less laminar and the beam contour is expanded, such
that the beam transmission would be degraded. Therefore guns with
grids or shadow grids are empirically redesigned with a beam tester.
The design of a gridded gun can be derived from an ungridded gun which
has a larger-than-required beam area convergence, so that the effect
of the grid will reduce the beam area convergence to the desired value.
The perturbing effects of a grid are generally found to be less pro-
nounced with guns of relatively small beam area convergence, such as
those of the proposed AM tubes (Table XIX), which have an area convergence
of 4.5 (850 MHz) and 10 (2 GHz).
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C.

' TRAVELING-WAVE TUBE MODULATOR CHARACTERISTICS

The gain and power characteristics of the traveling-wave tube modulators

has been evaluated with the large signal computer program, which was

also used for the design of the multi-voltage jump taper configuratioms.

For these calculations the following assumptions were made:

1.

The circuit configuration of the traveling-wave tube modulator
incorporates a multi-voltage jump taper as described in)Section»V
(Tables XV and XVI), with a saturation gain of 20 dB. The

beam voltage is assumed to be adjusted for synchronism of the

beam velocity with the circuit phase velocity, or
b = 0,

The beam cross-section area is assumed to vary inversely proportional

with the instantaneous beam current I,, or

i

/2

r,. = Q (Ii)-1 .

bi

This assumption is valid for Brillouin flow, which occurs with the

PPM focusing that is used for the traveling-wave tube modulators, The
beam scalloping is not expected to change significantly ﬁith smaller
beam currents since the electrostatic minimum beam diameter {of the

gun) becomes smaller with smaller beam currents also.

The rectified modulation signal is proportional to the relative

modulation power, corresponding to a 'linear' rectifier characteristic,

The beam current AI increases proportionally with the applied grid
modulation voltageréﬂg (Figure 51 and 123), i.e., the grid current-

voltage characteristics is assumed.to be linear.
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The beam current characteristics is shown in Figure 126 " for the 2 GHz
tube. It includes the dc term I due to the positive grid bias voltage
(in the order of 5% of the total beam current).

characteristics for the 850 MHz is very similar.

BEAM CURRENT I (A)

The beam current grid

jump) traveling-wave tube modulator (computed).

.40 T I 1 1 l T 1 ( ——
301
| f=2gHz
20+
LINEAR GAIN— _ -
ot = -
- LINEAR
N, - GRID i
Y -~ MODULATION
= .
9) I l | | | | | | | !
-22 -20 -I8 -6 -4 -2 -0 -8 -6 -4 -2 O
P> Py
AM SIGNAL P; (dB)
Figure 126 Beam current characteristics of (multi voltage



The resultant gain characteristics for the 2 GHz modulator is shown

in Figure 127; a very similar gain characteristics was obtained for

the 850 MHz tube. The gain characteristic is found to be linear

from saturation down to 3 dB below saturation; at lower drive ‘

levels the gain is found to be lower than that for the required linear

gain characteristics. The required current for a linear gain characteristics
is shown in Figure 126 also. The deviations between the linear gain current
and that obtained with an assumed "linear grid modulation" as described
above is not very large, howevexr, Tt should not be difficult to design

a "linearizer" in the modulation signal chain (Figure 55) which provides

the desired linear gain beam current characteristics for the traveling-

wave tube modulatbr,

20— T T
18 Fyx2GHz
16
14+
12
m
2 o+
4
< 8-
o
6}
4 WITH LINEAR
4+ 7/ ,
GRID
2k MODULATION
/
) i I i 1 1 ]
-22 :20 -I18 -16 -4 -12 -10 -8 -6 -4 -2 0
P2 Py
AM SIGNAL P; (dB)
Figure 127 Gain characteristics of (multi voltage qup)

TWT modulator (computed).
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1t should be mentioned that the resultant gain characteristics of the
traveling-wave tube modulator is also a function of the circuit confi-
guration and its efficiency enhancement design. The multi woltage jump
taper configuration was designed for maximum efficiency, but it should
be possible to modify its design for a more linear gain response, For
instance, a single voltage jump design was found to provide considerably
better gain linearity than that with the multi-voltage jump taper
(Figure 127).

The spent beam energy distribution was also analyzed for the traveling-
wave tube modulators at lower driver levels. It was found that the
spent beam distributions at lower drive levels is such that the beambcurrent
can be collected at the two lowest potential collector stages (Section V
C, Table XVI). The collector current distribution therefore shifts at
lower drive levels to the lower potential collector stages resulting

in increased efficiency improvements by the collector,

The dc power drain for the 2 GHz traveling-wave tube modulator is

shown in Figure 128. (a similar one was obtained for the 850 MHz
modulator), Even when the power requirements of the driver tube and

the FM audio tube are included, the power drain drops at low AM levels

to only 107 of the power drain at the peak power level. This represents
a spectuclar reduction of the power requirements for a traveling-wave
tube modulator by more than an order of magnitude compared to a more

conventional design approach.
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Figure 128 DC power drain of (multi voltage jump) TWT

modulator with modulation drive level (computed).
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XI1T. SUMMARY OF TUBE DESIGN PARAMETERS

A, DESIGN CHOICES AND ASSUMPTIONS

The following design choices and assumptions were made for all tubes in

order to achieve an optimum design within the requirements.

Electronic and Circuit Design

Slow Wave Structure a.

Cold Bandwidth

Gap to Period Ratio of
Coupled Cavity Structyre

Dielectric Loading of Coupled
Cavity Structure

Propagation parameter

Beam to Circuit Radius a.

Velocity Parameter

Efficiency Enhancement of
Circuit Section a.

Depressed Collector
Operation a.

299

Coupled cavity circuit for high
power tubes.

Helix structure for driver and
FM audio amplifier

60 MHz for all coupled cavity
circuits.

gli = .2

Alumina for 850 MHz and 2 GHz
tubes.

yr, = .8

b

= .6 (coupled cavity)
a

b

— = ,7 (helix tubes)

Ta

b=20

Multi voltage jump taper for
coupled cavity tubes.

Voltage jump and velocity taper
for helix tubes.

Four stage depressed collector
for coupled cavity tubes.

Single grounded collector for
helix tubes.



-Collector Coﬁfiguration

Focusing

Focusing Stability

Focusing Field

Magnetic Field at Cafhode

Gun Design
Cathode Loading
Cathode Material

Design Approach for AM tubes

Cooling

Spacecraft Configuration

Ion Trapping

Tube Vacuum

300

Magnetic refocusing of spent beam
and transverse magnetic and elec-
tric velocity sorting with electro-
static secondary suppression for
coupled cavity tubes. '

Conventional for helix tubes.

PPM for all 850 MHz and 2 GHz
tubes.

Solenoid for 8 GHz and 11 GHz

 tubes.

A
EB-> 4 (for PPM)

B=2 @Y% (em)
B =2 Bo (Solenoid)
with
B0 = Brillouin field.
B =0 for PPM
c
Kc = ,85 for solenoid focusing.

Convergent gun (Pierce type)
ic < 500 mA/cm2

Oxide coated cathode for all
850 MHz and 2 GHz tubes.

Impregnated tungsten cathode
for 8 GHz and 11 GHz tubes.

Dual tube approach with helix
driver tube and TWT modulator,
separate FM amplifier for audio
(helix tube)

Heat pipe system with dielectric
heat pipe (DC-200) for tube and
multi one way heat pipes (Dow E)
for radiator ogerating at approxi-
mately T = 100°C,

Quad panel slip ring configuration

with integrated heat pipe and radiator

system.
Anode ion trap.

Space pumping.



B. MAJOR DESIGN PARAMETERS

In Table XXXIII a summary of the major design parameters of the coupled

cavity tubes is given.

The noise figure of high power tubes can not be predicted theoretically.
However, the measured noise figure of high power tubes is generally in
the range of

25 dB < NF < 35 dB.

The noise figure of these design tubes can therefore be expected

in this range.
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XIv. CRITICAL DESIGN AREAS

The tube designs of these studies are intended for an advanced satellite
transmitter system. The efforts of these studies were, therefore,
primarily directed to explore new deéign concepts and approaches for
traveling-wave tubes, which appear promising to advance the state-of-the-
art for such tubes. Some of these concepts have not yet been used in

traveling-wave tubes,'nor even been evaluated experimentally. Before

a traveling-wave tube can be designed with such new approaches, however,
it is first necessary to evaluate the feasibility of these concepts, to

determine their limitations, and, finally, to establish design procedures.

-A discussion of the critical design areas, in order of impertance, follows
below:

1, Multi voltage jump taper

This method has been derived and evaluated with a large signal
computer program, which has provided a useful and accurate analysis

for similar methods in the past. However, this scheme has not yet

been demonstrated experimentally.

2. Multi stage depressed collector

The multi stage collector design involves several new concepts:
magnetic refocusing of the spent beam, transverse magnetic and
electric beam deflection for improved velocity sorting of the
spent beam, and electrostatic potential barrier for secondary
suppression. Results of advanced methods of trajectory anélysis
have to be evaluated experimentally before design procedures

for such collectors can be establighed. This is expected to be
a difficult task in view of the only moderate success, in the

past, in the development of multi stage collectors.
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Traveling-wave Tube modulator

All cdmponents and devices required for the design of a traveling-
wave tube modulator exist or are within the present state of the
art. However, the design concept is novel and has to be evaluated
experimentally, before a traveling-wave tube modulator can be

developed.

New Construction Techniques

The multi voltage jump taper and the multi stage collector require
smaller, yet very reliable and strong vacuum seals for their voltage
insulation. The development of such new construction techniques

will therefore be required.

Long Life Design of High Power Tubes

Long life and reliability of high power tubes has not yet been
advanced to the extent needed for the design tubes. Processing
methods and techniques have yet to be developed and proven for

such tubes, in order to achieve reliable performance and adequate

life. The life evaluation has to include the voltage jump taper

technique, the multi stage collector, and the dielectric loading

method of the circuit.

Dielectric Heat Pipe

Dielectric heat pipes are in development for collector cooling

of high power traveling-wave tubes. The heat pipe requirements

for the design tubes, however, differs in some respects from those
of the present development., There is a greater number of electrodes
with higher potential differences, and the operating temperature will

be lower. Exploratory development will be required for their design.

305



One way Heat Pipes

These types of heat pipes have been demonstrated experimentally

for lower power levels. Experimental evaluation of the required

.power levels and operating temperatures will be necessary.
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XvV. CONCLUSTONS

It has been shown that the performance of traveling-wave tubes can be

substantially improved when new design features are incorporated,

Efficiencies of 70 to 80 percent become feasible for coupled cavity
tubes with velocity resynchronization and multi stage depressed col-

lectors .

A new velocity resynchronization scheme for coupled cavity tubes is
proposed; the multi voltage jump technique. This technique permits

the use of lower perveance and lower power beams in the gun and in

the driver section. The focusing requirements are then relaxed and-

a higher beam stability with PPM focusing becomes possible. The multi
voltage jump technique aléo permits a reduction of the voltage gradient
compared to a single voltage jump circuit, This makes it possible to
extend the voltage jump tebhnique to higher frequencies or to higher

power levels.

A new design approach for multi stage depressed collectors is shown.
The concept uses magnetic refocusing of the spent beam, transverse
magnetic and electric velocity sorting and electric suppression of

secondaries.

The diameter and weight of coupled cavity tubes at frequencies up to
C-band can be substantially reduced by dielectric loading of the cavity.
This has been shown to be'possible without significant degradation of
other tube performance characteristics. These features can be ineor-
porated in coupled cavity tubes without restrictions to their bandwidth.
Their bandwidth can be increased (within the bandwidth limitations of

a coupled cavity tube) if so desired.

A new method has been presented for the design of very high efficiency

linear amplifiers for AM signals. This method uses a driver tube and a
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grid modulated output tube (IWT modulator) in conjunction with exﬁerhgi
circuitry for linearization. Very substantial efficiency impravements‘
are expected with this system, The de¢ power requirements cén then be

reduced by nearly an order of magnitude compared to conventibnal linear

amplifiers for AM signals. This method is applicable to either helix.
or coupled cavity tubes,

A new heat pipe system, consisting of a dielectric heat pipe and
multiple one way heat pipes for cooling of high power space tubes
has been described, This system is an integral part of the spage-

craft vehicle and permits utilization of a larger area of the space-
craft surfaces for waste heat radiatien. The copling system ope#atcs

at lower temperatures without weight penalty, and higher tube relia~r
bility can be expected.
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APPENDIX

TELEVISTION STGNAL TRANSMISSION

In the most straightforward system to be considered, the video waveform
is extracted from the envelope of the incoming signal by detection and
used to modulate an amplified carrier in the final stage. In general,
for practical reasons, the re-transmitted carrier frequency will differ

from that of the received signal,

The oﬁtput from the traveling-wave tube will then be passed through a
suitable vestigial sideband filter to remove the unwanted part of the
lower sideband, and the remaining signal conforming with the required

bandwidth standards will be fed to the antenna system,

In order to assess the relative efficiencies of the signal processing
systems which form the subject of this study an analysis has to be made
_of the amount of power which is involved in the removal of the lower
part of the lower sideband, i.e., the part of the sideband furthest

from the carrier.

Since the high frequency end of the sideband spectrum contains in-
formation which is related to the fine detail of the picture, the
actual amount of power involved in this part is entirely dependent

on the nature of the picture being transmitted.

The lower frequency part of the spectrum (below 750 KHz), on the
other hand, contains almost the whole of the power associated with
picture synchronization in addition to that relating to the broader

areas of the picture.
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The fraction of the power associated with synchronization varies with
picture content but represents approximately 30% of a peak black trans-
mission. This is therefore a minimum value, and typically the synchroniz-

ing power will be a larger fraction of the transmitted power.

In order to have its Fourier components fall entirely within the upper
frequency portion of the sideband spectrum (above 750 KHz), a picture
element would have to be contained in less than 2-1/2% of the horizontal

width of the picture.

Based on the foregoing considerations; it would be reasonable to anti-
cipate that, in fact, for a typical transmitted picture, the percent-
age of the total power removed by the vestigial sideband filter would

be quite small.
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